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The first total synthesis of lactodehydrothyrsiferol, a selective inhibitor of protein 
phosphatase 2A, was accomplished through the application of our electron-transfer-initiated 
cyclization reaction. Other highlights of our synthetic strategy include a novel method for the 
formation of 1,1-disubstuted vinyl iodides from a terminal alkyne, a Suzuki-Miyaura cross 
coupling reaction on a iodinated allylic carbonate, a one pot diepoxidation of a diene to generate 
two epoxides with opposite stereochemical identities, an asymmetric Nozaki-Hiyama-Kishi 
reaction, and the selective deoxygenation of a triol. This document will focus on the key epoxide 
cascade and completion of the synthesis.  
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An oxidative method to form Carbon–Carbon bonds through Carbon–Hydrogen bond 
cleavage is described herein. Chromene and isochromene both form aromatically stabilized 
oxocarbenium ions in the presence of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). The 
reactivity of these cations was explored with a variety of nucleophiles. In addition, the electronic 
properties were altered on the benzopyran ring system to elucidate the substrate scope for this 
transformation.   
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 1 
1.0  OXIDATIVE CATION FORMATION 
The chemical community has witnessed an increase in reaction methodologies devoted to 
functionalizing reactive cations obtained through oxidative protocols in the last few decades. 
These methods rely on designing cations that are stable yet sufficiently reactive enough to 
undergo a secondary transformation. Additionally, the oxidation procedure is generally mild and 
extremely chemoselective allowing for great functional group compatibility that makes these 
reactions useful for organic synthesis. This chapter describes oxidative cation formation through 
electron transfer to form radical cations and their cleavage and oxidizing activated carbon–
hydrogen (C–H) bonds.    
1.1 ELECTRON TRANSFER INITIATED CYCLIZATION 
1.1.1 Radical Cation Cleavage 
Radical cations were widely neglected as useful synthetic intermediates until a strong 
understanding of their reactivity patterns emerged within the chemical community.1 This led to 
the development of a variety of methods to performing electron transfer chemistry to obtain 
radical cations. The Floreancig group has been active in this area by solving problematic 
synthetic transformations through the application of our electron transfer initiated cyclization 
 2 
(ETIC) reaction (Scheme 1.1). The foundation for our research has been provided by Arnold and 
coworkers’ early work on the oxidative cleavage of homobenzylic ethers to generate 
oxocarbenium ions and benzyl radicals.2,3   
 
 
Scheme 1.1 Example of ETIC Reaction 
 
Electron transfer provides requisite radical cation 1.4 that undergoes mesolytic cleavage 
to generate both a benzyl radical (1.5), which is converted into benzaldehyde,4 and 
oxocarbenium ion 1.6 (Figure 1.1). The nucleophile that attacks the nascent electrophile is the 
tethered hydroxyl group to form tetrahydropyran lactol 1.2. Our group has extended the ETIC 
 
 
Figure 1.1 Radical Cation Fragmentation and Cyclization 
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reaction to form multiple heterocycles through thoughtful substrate design. By employing mild 
oxidation procedures on homobenzylic moieties to generate reactive cations our group has 
demonstrated the ability to form cyclic acetals,5 cyclic acyl aminals,6,7 and 2,6-disubsituted 
tetrahydropyrones.8 
 One current method for inducing ETIC reactions utilizes an aerobic, organocatalytic, 
photoinitiated procedure (Scheme 1.1).9 These reactions are run in a photoreactor with a 
medium-pressure mercury lamp to cause the photoexcitation of the sensitizer N-
methylquinolinium hexafluorophosphate (NMQPF6) (1.3). Once the N-methylquinolinium ion 
(NMQ+) (1.8) is excited, it performs a single electron oxidation on the cosensitizer toluene (1.11) 
(Figure 1.2). The newly formed radical-cation 1.10 is then free to remove an electron from the 
homobenzylic moiety present in 1.1 to generate reactive radical cation intermediate 1.4. The 
NMQ radical (1.9) is oxidized backed to the active sensitizer NMQ+ (1.8) using dioxygen that is 
gently bubbled through the reaction mixture. Dioxygen is reduced to form superoxide radical 
anion, and sodium thiosulfate is added to fully reduce superoxide to water. The 4Å molecular  
 
 
Figure 1.2 Formation of Radical Cation Using Current ETIC Conditions 
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sieves are added to sequester the water being formed and sodium acetate acts as a buffer to 
maintain mild conditions. 
The cleavage of the radical cation to form a benzylic radical and an oxocarbenium ion 
warrants further discussion. It is necessary to design the homobenzylic ether with the correct 
functionality present to ensure that the bond dissociation energy (BDE) is sufficiently low 
enough that mesolytic cleavage is a favorable pathway.3 Three factors have been elucidated for 
determining the BDE for the radical cation (BDE(RC)). These are the BDE for the benzylic bond 
in starting substrate 1.12 (BDE(S)), the oxidation potential of starting substrate 1.12 (Epa(S)), and 
the oxidation potential of radical 1.13 (Epa(E)) (Figure 1.3). Rearranging the chemical reaction 
and solving for BDE(RC) derived equation (1) (Figure 1.3). This equation can be used to aid in 
the design of substrates that readily undergo radical cation cleavage. Adding electron donating 
groups to the arene will lower Epa(S) and result in no cation formation;8 however the BDE(S) can 
be lowered through adhering stabilizing groups in the benzylic position to promote radical cation 
cleavage.   
 
 
Figure 1.3 Thermodynamics for Mesolytic Cleavage of Radical Cation 
OR
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1.1.2 Epoxide Opening Cascade Reactions 
The ability to generate complex organic scaffolds from relatively simple reactants under 
mild reaction conditions has been an area of high priority for the chemical community. These 
novel cascade reactions provide new options for reaching important chemical targets in a more 
direct and synthetically aesthetic manner than traditional methods.10 Cascade reactions are 
defined as a series of sequential intramolecular transformations that occur in a single reaction. 
Epoxide opening cascades allow for the formation of polycyclic ether chemical scaffolds. Our 
mild ETIC procedure proved to be an efficient way of generating these domino reactions 
(Scheme 1.2).11 
 
 
Scheme 1.2 Example of Epoxide Cascade Reaction 
 
An in depth investigation on the transition states and reaction parameters for epoxide 
opening cascade reactions was performed to elucidate predictable regiochemical outcomes. 
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Intramolecular epoxonium ion opening is demonstrated in Figure 1.4. The general epoxonium 
ion 1.21 has a tethered nuclephile that has two available sites to attack on the neighboring 
epoxonium ion. Nucleophilic attack on C1 causes the oxygen of the epoxide to lie outside the 
newly formed ring. This process is called an exo cyclization in accordance with Baldwin rules 
and the five-membered ring 1.22 is created. The six-membered ring 1.23 is generated from an 
endo cyclization resulting in the epoxide’s oxygen placement on the newly formed ring after 
nucleophilic attack on C2. Due to the potential for two separate reaction pathways resulting from 
the epoxonium-opening reactions Floreancig and coworkers set out to study and understand these 
processes in the context of cascade reactions. 
 
 
Figure 1.4 Exo versus Endo Cyclization of Epoxonium Ions 
 
Efforts from both the Floreancig and Houk labs have aided in the understanding, both 
from a physical and mechanistic basis, in applying the oxidatively initiated epoxide cascade 
reaction to synthesis.12 The regiochemical outcomes of the reactions based on epoxide 
substitution pattern (disubstituted versus trisubstituted), ring size of the bicyclic epoxonium ion 
([3.1.0] versus [4.1.0]), and the Lewis acid used (oxocarbenium ions versus carbenium ions) 
were investigated.13 The key variable in these transformations was revealed to be the ring size of 
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the bicyclic epoxonium ion. It was shown that bicyclo[4.1.0] epoxonium ions prefer endo 
cyclization (Figure 1.5). This stems from the dihedral angle of the endo attack being less 
distorted and lower in energy than the strained attack angle for the exo cyclization. Due to the 
larger ring size, the postulated transition state has more SN1 character. This point is reinforced 
when one compares trisubstituted and disubstituted bicyclo[4.1.0] epoxonium ions. The 
trisubstituted compound undergoes exclusive endo cyclization because of the favored attack 
geometry and the stabilized, partially formed tertiary carbocation; however, the disubstituted 
compound shows no preference for endo or exo cyclization. The dihedral angle for endo 
cyclization of the disubstituted system is distorted significantly and the reaction pathway shows 
more SN2 character. The increase in energy for the endo cyclization causes both outcomes to be 
observed.   
 
Figure 1.5 Opening of Bicyclo[4.1.0] Epoxonium Ions 
 
The smaller bicyclo[3.1.0] epoxonium ion has a more distorted, higher energy endo 
cyclization transition state that forces it to undergo the lower energy exo cyclization (Figure 1.6). 
The Lewis acidity has a minor role in predicting the outcome for bicyclo[3.1.0] epoxonium ion. 
When an epoxide and a non-stabilized carbenium ion react, only exo cyclization is observed. 
However, the epoxonium ion formed from an oxocarbenium ion and an epoxide generally 
provides a decrease in exo selectivity. This observation stems from the lowering of the transition 
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state energy of the endo cyclization, due to the anomeric effect operating when the methoxy 
group adopts a pseudoaxial position off the ring.    
 
 
Figure 1.6 Opening of Bicyclo[3.1.0] Epoxonium Ions 
1.2 CARBON–HYDROGEN BOND FUNCTIONALIZATION AND OXIDATIVE 
MEDIATED CROSS COUPLING REACTIONS 
1.2.1 Introduction  
The use of carbon-hydrogen (C–H) bond functionalization to furnish carbon–carbon (C–
C) bonds has become an increasingly popular research focus over the past two decades.14 These 
methods differ from traditional metal mediated cross-coupling reactions due to their ability to 
conduct this fundamental organic transformation without the need to convert unreactive starting 
materials into activated coupling partners (Figure 1.7).15,16 Thus, C–H bond activation provides a 
practical way to achieve synthetic strategies that are both step17 and atom economical.18 
Numerous total syntheses of biologically active molecules have been completed using this 
strategy.19 Even though there are multiple ways to achieve C–H bond activation, this document 
 9 
will be focused on the oxidative methods that utilized 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ).20  
 
 
Figure 1.7 Benefits of Using C–H Bond Activation 
1.2.2 DDQ Mediated Carbon–Hydrogen Bond Activation Functionalization  
DDQ mediated C–H bond functionalization is most commonly seen during para-
methoxybenzyl ether cleavage.21 Successful C–H bond cleavage was achieved under this 
oxidative protocol due to the electron rich arene providing stabilization through its π-orbitals for 
the developing cation intermediate. In 1987, Mukaiyama and coworkers published their research 
showing a useful method for C–C bond formation using a similar oxidative C–H bond cleavage 
protocol (Scheme 1.3).22 They were able to oxidize activated ethers with DDQ to form cation 
intermediates. Addition of LiClO4 aided in disrupting the resulting DDQ adduct and forming an  
 
 
Scheme 1.3 Mukaiyama Oxidative Method to Form C–C Bonds 
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ion pair that would react with a selected number of nucleophiles.23 Since their pivotal 
publication, numerous examples of C–H bond functionalization procedures have been reported 
using DDQ as the oxidant.  
The Floreancig group’s familiarity with oxidative cation formation provided them with 
the requisite skill set to provide novel methods in this field. They first expanded the substrate 
scope to include allylic ethers after successfully showing that benzyl ethers can undergo 
oxidation to react with tethered nucleophiles.24 Allylic ether 1.32 underwent cyclization to yield 
tetrahydropyrone 1.34 with excellent diastereocontrol (Scheme 1.4). This stereochemical 
outcome is attributed to the reaction proceeding through a chair transition state. This observation 
was later used for the key transformation in the synthesis of the neopeltolide macrocycle.25 The 
diastereoselectivity was shown to diminish when propargyl ethers were exposed to the reaction 
conditions.26 This stems from alkynes being less sterically demanding than alkenes. The looser 
transition state was used advantageously to produce all four possible diastereomers of 2,6-
substituted-tetrahydropyra-4-ols. We recently have reported the ability to oxidize and cyclize 
enamides, N-vinyl sulfonamides, and vinyl sulfides to form piperidines and sulfur containing 
heterocycles.27,28 
 
 
Scheme 1.4 DDQ Mediated Process to Form Tetrahydropyrones 
 
A mechanistic study was needed in order to postulate the pathway for the DDQ mediated 
oxidation of activated ethers. Dr. Jung accomplished this by exploiting the kinetic isotope effect 
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(Figure 1.8).29 The research revealed that an electron transfer occurs quickly between benzylic 
ether 1.35 and DDQ (1.36). This process provides radical cation 1.37 which undergoes either a 
hydrogen atom abstraction or a proton transfer followed by an electron transfer to generate 
oxocarbenium ion 1.39. This mechanistic study also elucidated that the removal of hydrogen 
from the radical cation is the rate determining step. The mesolytic cleavage of the benzylic bond 
follows the thermodynamic trends previously derived in equation (1) (Figure 1.3). Therefore, it 
was showen clearly that these reactions follow an electron transfer mechanism versus a hydride 
transfer mechanism.    
 
 
Figure 1.8 Proposed Mechanism for DDQ Oxidation 
1.2.3 Oxidative Cross-Coupling Reactions 
Bimolecular reactions are important for convergent syntheses and building diverse 
compound collections. An emerging class of cross-coupling reactions devoted to reacting cations 
achieved through oxidative C–H bond cleavage with a variety of nucleophiles has provided new 
options.30 The underlying factor present in these oxidative coupling reactions has always been 
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creating a stable cation. These cations must be sufficiently reactive to undergo a bimolecular 
process and stable enough to avoid decomposition.  
 This was accomplished in many research laboratories by designing reactions around a 
specific substrate class (Scheme 1.5). Xu and coworkers extended Mukaiyama’s procedure from 
electron rich alkenes to include activated benzylic ethers.31 It is important to note that no product 
was formed in the absence of electron donating groups on the arene. The extension of theses 
methods to include heterocycles promises more alternatives to reach biologically active 
scaffolds. The oxidized version of isochroman was shown to undergo a Friedel–Crafts reaction 
with anisole to form coupling product 1.45.32 Stephenson and coworkers recently displayed their  
 
 
Scheme 1.5 Selected Examples of Oxidative Cross-Coupling Reactions 
 13 
ability to alkylate tetrahydroisoquinolines using a light induced iridium catalyzed oxidative 
procedure.33 Additionally, Hayashi and coworkers created a method to perform an asymmetric 
variant.34 This chemistry was performed using proline derived organocatalyst 1.49 to furnish a 
chiral enamine species. The enamine undergoes oxidation by DDQ to form an iminium ion that 
undergoes a stereospecific attack by nitromethane. 
Cozzi and coworkers also provided the chemical community with an asymmetric 
version.35 They use a chiral enamine, obtained through the dehydration of an aldehyde by 
organocatalyst 1.53, to attack aromatically stabilized carbocations (Scheme 1.6). They were able 
to extend this chemistry to include a variety of aromatic substrates with good results. In addition, 
oxidative C–C bond forming protocols have been extended to total synthesis. Deoxyfrenolicin 
trans-geometry was achieved through the allylation of the DDQ oxidized version of 
naphthopyran 1.54.36 
 
 
Scheme 1.6 More Examples of Oxidative Cross-Coupling Reactions 
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2.0  LACTODEHYDROTHYRSIFEROL 
2.1 INTRODUCTION 
2.1.1 Isolation of Natural Products from Marine Organisms 
The red algae of the genus Laurencia produces a wide number of squalene derived 
secondary metabolites.37-41 Fernández and coworkers have isolated many related polyether 
compounds from the red seaweed Laurencia virdis native to the Canary Islands (Figure 2.1).41  
 
 
Figure 2.1 A Selection of Polyethers Isolated from Laurencia viridis 
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This class of compounds has already received a great deal of attention in the chemical 
community, with the syntheses of pseudodehydrothyrsiferol (2.2) by Hioki and coworkers42 and 
ent-dioxepandehydrothyrsifol (ent-2.4) by Jamison and coworkers.43 The Floreancig group’s 
interest in lactodehydrothyrsiferol (2.1) stems from our novel approach to constructing 
multicyclic polyethers through oxidatively initiated cascade reactions.12 
2.1.2 Structure Determination of Lactodehydrothyrsiferol 
Lactodehydrothyrsiferol (2.1) has many key structural components that make it an 
attractive and challenging target (Figure 2.2). The A ring was shown to be comprised of a γ-
lactone moiety with an absorption at νmax 1771 cm-1 in the IR region.41 This 5-membered lactone 
is attached to a trans-fused pyranopyran ring system. This bicyclic ring motif is common in 
many of the compounds isolated from the genus Laurencia. Extensive NMR and X-ray analysis 
have concluded that the B-ring adopts the chair conformation. However, the C-ring prefers the 
twist boat conformation to avoid a 1,3-diaxial interaction.37,40 The right side of the molecule 
contains a trans-fused tetrahydrofuran ring tethered by a short hydrocarbon chain to the 
pyranopyran ring through a vinyl linkage.  
 
 
Figure 2.2 Polycyclic Ring System of Lactodehydrothyrsiferol 
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2.1.3 Biological Activity 
The typical eukaryotic cell is able to regulate cellular activities through protein 
phosphorylation. This process takes place via protein kinases (PK), which attach phosphate 
groups to enzymes, and protein phosphatases (PP), which cleave phosphate groups from 
enzymes. These molecules allow the cell to control the timing of its life cycle and respond to 
extracellular signals.44 By studying the role of specific PKs and PPs, one can achieve great 
insight into cellular pathways and function.   
The class of compounds isolated by Fernández and coworkers (Figure 2.1) have been 
shown to be selective inhibitors of the serine/threonine protein phosphatase 2A (PP2A). They 
accomplish their inhibition while not interfering with other serine/threonine protein phosphatase 
(protein phosphatase 1 (PP1), 2B (PP2B), 2C (PP2C), and protein tyrosine phosphatase (PTP)). 
These compounds show modest inhibition on PP2A (Table 1), with 2.1 having a IC50 of 100 
µm.45 Compound 2.1 also exhibits non-linear inhibition of PP2A suggesting that it is a partial 
inhibitor. Previous work on the structurally similar compound thyrsiferyl 23-acetate (2.8) (Figure 
2.3) has shown the same selective results with a more potent IC50 of 4-16 µm depending on 
enzyme concentration.46 
 
Table 2.1 Inhibition Percentage on PP2A of Selected Compounds45 
 
Compound            1!M         10 !M         100!M         250!M
Concentration
33.7
0
8.2
18.9
43.6
40.1
4.7
12.2
20.4
45.9
49.4
65.1
25.2
59.7
57.8
63.2
57.2
37.7
66.5
74.5
2.1
2.2
2.3
2.4
2.6
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There have been reports of other natural products with more potent activity towards the 
inhibition of PP2A: including the polyketide calyculin A (2.7), the terpenoid cantharidin (2.9), 
and marine polyether okadaic acid (2.10) (See Figure 2.3).47,48 The IC50 for these compounds are 
0.1-1 nM, 40 nM, and 0.2 nM.49 These compounds are dramatically more potent then 2.1 and 
2.8, however are lacking the selectivity that 2.1 and 2.8 exhibit for PP2A. Natural products 2.7, 
2.9, and 2.10 all are potent towards the inhibition of PP1 and/or PP2B. The inability for these 
molecules (2.7, 2.9, and 2.10) to inhibit only one PP in the cell does not make them a good 
choice to study cellular pathways that involve a single phosphatase.  
  
 
Figure 2.3 Selected Compounds that Inhibit PP2A 
O
Br
O
O
H H
H
O OAcH
HO
OH
OO
O
O
HO
O
OH
O
OH
O
O
O
O
H
H
OH
O
O
MeO N
HN
OH
OH
O
N
O
O
O OH
O
P
HO
OMeOHOH
OHO
NC
(2.7) Calyculin A
(2.8) Thyrsiferyl-23-acetate
(2.9) Cantharidin
(2.10) Okadaic Acid
 18 
2.2 PREVIOUS SYNTHESIS OF RELATED COMPOUNDS 
2.2.1 Forsyth’s Total Synthesis of Thyrsiferyl 23-Acetate 
Forsyth and coworkers reported the first total synthesis of thyrsiferyl 23-acetate (2.8) in 
the spring of 2000.50 Their retrosynthetic analysis is displayed in Figure 2.4. They were able to 
design a convergent approach by performing multiple Nozaki-Hiyama-Kishi (NHK) cross-
coupling reactions.51-53 The first NHK disconnection of title compound 2.8 leads to the requisite 
coupling partners 2.11 and 2.12. Aldehyde 2.11 can be formed through an additional NHK 
coupling of aldehyde 2.13 and halide 2.14.     
 
 
Figure 2.4 Retrosynthetic Analysis of Thyrsiferyl 23-Acetate 
 
Vinyl iodide 2.12 was synthesized from known geraniol derived epoxide 2.15. 
Tetrahydrofuran (THF) cyclization precursor 2.16 was furnished through the acid mediated 
O
O
O
Br
H H
H
O
HO
OAc
H
OH
O
O
O
Br
H H
H
O
AcO
OAc
H
IH
O
O
Br
O
H
O H OBn
Br
TESO
NHK Cross-Coupling
NHK Cross-Coupling
(2.8) Thyrsiferyl 23-acetate
2.11 2.12
2.13 2.14
 19 
epoxide opening and after the necessary protecting group chemistry was performed on substrate 
2.15. A Re(VII) mediated epoxidation and cyclization afforded the desired trans-THF ring 
system.54 THF 2.17 was converted to the NHK coupling partner 2.12 through protecting group 
manipulations, Dess-Martin periodinane oxidation,55 and conversion of the aldehyde to a trans-
substituted vinyl iodide using Takia’s procedure.56 
 
 
Scheme 2.1 Synthesis of Vinyl Iodide 2.12 
 
The synthetic schemes for the precursors of substrate 2.11 are shown in Scheme 2.2. 
Known epoxy-geraniol derivative 2.18 was converted to cyclization precursor 2.19 through acid 
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cyclized into a mixture of separable haloalkanes. Tetrahydropyran (THP) 2.13 was furnished 
after benzoyl deprotection and sodium periodate oxidation. In contrast, THP 2.14 was formed 
starting with chiral lactone 2.20. The α,β-unsaturated ester system present in substrate 2.21 was 
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substrate 2.23.60 The synthesis of 2.14 was completed after Lewis acid mediated THP formation 
and silyl protection. 
 
 
Scheme 2.2 Synthesis of THP 2.13 and THP 2.12 
 
The synthesis was completed after all the necessary coupling partners were formed. 
Aldehyde 2.13 and alkynyl bromide 2.14 were joined using the traditional NHK protocol 
(Scheme 2.3).51-53 THP cyclization precursor 2.24 was yielded after allylic alcohol oxidation and 
alkyne reduction. The pyranopyran ring system present in 2.11 was created using triethylsilane 
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Scheme 2.3 Completion of Synthesis for Thyrsiferyl 23-Acetate 
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Figure 2.5 Retrosynthetic Analysis of Pseudodehydrothyrsiferol 
 
the primary allylic alcohol afforded acid 2.32. Bromination of the remaining alkene followed by 
a microwave assisted stereospecific reaction resulted in decarboxylation and debromination to 
give vinyl bromide 2.27.67 
 
Scheme 2.4 Synthesis of Vinyl Bromide 2.27 
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Tetrahydrofuran 2.33 was constructed in a similar manner to tetrahydrofuran 2.29 
(Scheme 2.5).68 Epoxide 2.34 was synthesized through protecting group manipulation and the 
epoxide was introduced stereoselectively using Sharpless asymmetric epoxidation.58 Oxidation 
of the primary alcohol to the aldehyde provided the needed functionality to perform a Wittig 
reaction to generate alkene 2.28.57 After mild acid promoted cyclization and silyl protection, 
alkene 2.26 was successfully coupled with vinyl bromide 2.27 to furnish the polyether 2.35.  
 
 
Scheme 2.5 Synthesis of Diene 2.26 and Suzuki-Miyaura Cross-Coupling 
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Scheme 2.6 Formation of C-Ring System Using CMMP 
2.2.3 Jamison’s Total Synthesis of ent-Dioxepandehydrothyrsifol 
Jamison and coworkers completed the total synthesis of ent-dioxepandehydrothyrsiferol 
(2.4) utilizing an epoxide-opening cascade sequence in mid 2009.43 The first disconnection  
    
 
Figure 2.6 Retrosynthetic Analysis of ent-Dioxepandehydrothyrsifol 
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was to bisect the molecule into vinyl triflate 2.39 and alkene 2.40, which could be joined 
together using a Suzuki-Miyaura coupling (Figure 2.6).61-63 Known diepoxide 2.4471 was 
converted to tetrahydrofuran 2.42 through a Payne rearrangement.72 Treatment of 2.42 with an 
ylide derived from trimethylsulfonium iodide73 and silyl protection furnished the desired alkene 
2.40.  
Sharpless asymmetric epoxidation58 of farnesol (2.30) (Scheme 2.7) followed by 
formation of an allylic acetate and silyl protection provided epoxide 2.43. Shi epoxidation66 was 
performed prior to the allylic acetate being converted into an allylic alcohol to ensure selectivity 
between the two alkenes. The resulting allylic alcohol was transformed into the allylic bromide, 
which was reduced to afford a trisubsituted alkene moity in diepoxide 2.45. Deprotection 
followed Swern oxidation74 and a two-carbon Wittig57 homologation resulted in allylic ester  
 
 
Scheme 2.7 Synthesis of Triepoxy Carbonate 2.41 for Cascade Reaction 
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2.46. Using a copper mediated 1,4-reduction of the alkene and DIBAL-H reduction of the ester 
to an aldehyde provided the substrate necessary for the following Wittig reaction57 to create 
allylic aldehyde 2.47. Triepoxide 2.41 was ultimately accessed after reduction of the aldehyde to 
an allylic alcohol, Sharpless asymmetric epoxidation, and installation of a tert-butyl carbonate. 
 Triepoxide 2.43 underwent an epoxide-opening cascade via a bromine cation to generate 
carbonate 2.48 and its carbon three epimer in good yields. Carbonate 2.48 was converted to the 
needed coupling partner 2.39 via carbonate deprotection, oxidative cleavage, and vinyl triflate 
formation (Figure 2.6). Alkene 2.40 was then successfully coupled to vinyl triflate 2.39 using a 
Suzuki-Miyaura coupling.61-63 Silyl deprotection generated the natural product 2.4. 
 
 
Scheme 2.8 Epoxide Cascade of Epoxy Carbonate 2.43 via a Bromonium Ion 
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2.3.1 Retrosynthetic Analysis of Lactodehydrothyrsiferol 
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2.51.51-53 Aldehyde 2.50 will be obtained by performing the ETIC reaction on diepoxide 2.52, 
derived from diene 2.54. Vinyl iodide 2.51 will be accessed from epoxide 2.53, generated from 
geraniol (2.55).  
 
 
Figure 2.7 Retrosynthetic Analysis of Lactodehydrothyrsiferol 
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dihydroxylation.76 The formation of tetrahydrofuran 2.56 was seen immediately following the 
reaction and pushed to complete conversion using the mild acid pyridinium 10-camphorsulfonate 
(CSA⋅pyr). Monotosylation of the primary alcohol present on tetrahydrofuran 2.56 allowed for a 
displacement reaction to occur under basic conditions to afford the needed epoxide. Silyl 
protection of the tertiary alcohol went with an excellent yield to give epoxide 2.57. The epoxide 
was opened using 1,3-dilithiopropyne77 and the newly formed secondary alcohol was protected 
using chlorotriethylsilane (TESCl) to generate alkyne 2.58. The vinyl iodide functional group 
was installed by performing a stannylalumination reaction using Bu3Sn-AlEt2 and CuCN 
followed by tin-iodide exchange.78,79 
 
 
Scheme 2.9 First Synthetic Route for Vinyl Iodide 2.51 
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through monosilyl protection followed by Swern oxidation.74 Propargyl alcohol (2.61) was 
converted into vinyl bromide 2.62, the necessary coupling partner of 2.60. The two were joined 
via Fürstner’s-modified NHK conditions in moderate to good yields, generating allylic alcohol 
2.63.80 Johnson-Claisen rearrangement provided a two carbon addition to give the ethyl ester 
2.64.81 Another allylic alcohol moiety was installed from a DIBAL-H mediated reduction to the 
aldehyde followed by introduction of isopropenylmagnesium bromide. Johnson-Claisen 
rearrangement on allylic alcohol 2.65 gave ethyl ester 2.54. 
 
 
Scheme 2.10 Synthesis of Diene 2.54 
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asymmetric epoxidation. Diepoxide ent-2.52 was synthesized from Sharpless asymmetric 
epoxidation,58 Shi epoxidation using the (D)-fructose derived Shi ketone 2.69,66 and protection 
using Boc-anhydride. When compound ent-2.52 was exposed to the ETIC conditions it 
underwent the epoxide-opening cascaede reaction with a yield of 43%.  
 
 
Scheme 2.11 Synthesis of Lactol 2.70 
 
The epoxide cascade mechanism is shown in Figure 2.8. Radical cation formation was 
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observation through an exo cyclization (Figure 1.6).12 The tert-butyl carbonate subsequently 
attacks the proximal, tertiary carbon center preferentially to generate compound 2.75. The 
formation of the 6-membered spiro ring product is generated by having the nucleophilic tether 
attached to C20 versus C16 (system described in Figure 2.8). Loss of the tert-butyl carbocation 
(2.76) furnishes the desired carbonate 2.70. 
 
 
Figure 2.8 Proposed Epoxide Cascade Mechanism 
 
Compound 2.70 was oxidized to a γ-lactone using Jones reagent with good yields.83 
Deprotection of the tert-butyl carbonate group revealed a primary alcohol that was oxidized to 
aldehyde ent-2.50 using Dess-Martin periodinane.55 Structure determination of aldehyde ent-
2.50 was performed using two-dimensional NMR experiments. This route clearly demonstrated 
that the ETIC chemistry could be used in the synthesis of the natural product 2.1. However, due 
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to the linear nature of the described route the ability to generate a large amount of material was 
not practical. 
 
 
Scheme 2.12 Synthesis of Aldehyde ent-2.50 
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2.4 TOTAL SYNTHESIS OF LACTODEHYDROTHYSIFEROL 
2.4.1 Optimized Route for Vinyl Iodide 2.51  
Dr. Wan’s successful synthesis of vinyl iodide 2.51 (Scheme 2.9) provided us with 
significant insight towards optimization.75 It was hypothesized that changing the order of 
functional group installation would increase the efficiency of the synthesis. It was also desired an 
improved way of converting terminal alkynes into vinyl iodides. These goals were accomplished 
to arrive at the current synthesis of vinyl iodide 2.51. 
The first major change employed was the installation of the propargyl group prior to 
formation of the tetrahydrofuran core (Scheme 2.13). Once again, the synthesis started with 
geraniol (2.54) and performed a Corey-Kim oxidation in the absence of base to prevent aldehyde 
formation.84 This lesser known transformation proceeds via the allylic alcohol reacting with the 
methyl sulfide/N-chlorosuccinimide complex to form a relatively unstable complex that 
decomposes into allyl chloride 2.77 and dimethylsulfoxide. Even though geranyl chloride (2.77) 
is commercially available, this method proved to be an economical and practical protocol for 
generating a large amount of the requisite starting material. Geranyl chloride (2.77) was 
converted into β-keto ester 2.78 via an acetoacetic ester synthesis with methyl acetoacetate and 
sodium hydride as the base. Ester 2.78 is easily saponified to the corresponding β-keto acid 
under basic, aqueous conditions using potassium hydroxide. The acid undergoes a 
decarboxylation in gently refluxing benzene to afford geranyl acetone (2.79). Negishi’s protocol 
to convert methyl ketones into terminal acetylenes provided us with alkyne 2.80.85 This protocol 
calls for use of a large, bulky base, lithium 2,2,6,6-tetramethylpiperidine (LTMP), to ensure 
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enolization occurs at the less hindered carbon. Once the enol phosphate is formed, it is still 
essential to use LTMP to avoid allene formation. 
 
 
Scheme 2.13 Synthesis of Terminal Alkyne 2.80 
 
A more efficient route for terminal alkyne 2.80 was needed due to the current scheme’s 
length and overall yield. The fully optimized synthesis of alkyne 2.80 utilizes a lithium reagent 
to undergo an SN2 reaction with geranyl chloride (2.77) (Scheme 2.14). The nucleophile for the 
reaction was generated by mixing 1-(trimethylsilyl)propyne and n-butyllithium in THF.86 The 
newly formed propargylic lithium readily formed the TMS-protected alkyne when exposed to 
allyl chloride 2.77. Terminal alkyne 2.80 was furnished in an 88% yield by quenching the 
reaction with TBAF. 
 
 
Scheme 2.14 Rapid Synthesis of Terminal Alkyne 2.80 
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The successful synthesis of terminal alkyne 2.80 allowed for construction of the 
tetrahydrofuran core via the route presented in Scheme 2.15. Sharpless asymmetric 
dihydroxylation allowed for a stereoselecive and mildly regioselective installation of a 1,2-diol 
across the desired alkene distal to the alkyne in compound 2.81.76 Despite the steric similarity of 
the two alkenes, the desired alkene was dihydroxylated with a slight preference to provide a 53% 
yield after purification with excellent stereocontrol. If necessary, the yield of this transformation 
could be improved if the Corey-Zhang catalyst were used.87 This catalyst not only provides an 
asymmetric dihydroxylation, but is site-selective for the terminal isopropylidene group of 
polyisoprenoids. To install the required epoxide with the correct stereochemistry at the 
remaining trisubsituted alkene, a Shi epoxidation66 was performed on alkene 2.81. The unnatural 
(L)-fructose derived Shi ketone was used to generate the epoxy diol, which spontaneously 
underwent cyclization to form tetrahydrofuran 2.82. Incomplete conversion to the 
tetrahydrofuran was observed without the use of the pyridinium 10-camphorsulfonate complex 
(CSA⋅pyr). Tetrahydrofuran 2.83 was formed in good yields with a 13:1 diastereomeric ratio (the 
diastereomers were readily separable using medium-pressure liquid chromatography (MPLC)). 
 
 
Scheme 2.15 Synthesis of Tetrahydrofuran 2.83 
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A stereochemical analyses on diol 2.81 and tetrahydrofuran 2.83 were performed to 
ensure the correct orientation around each chiral center. The advantageous Mosher ester analysis 
was used to determine the absolute stereochemistry and enantiomeric purity of the secondary 
alcohol present on diol 2.81.88 Mosher esters 2.85 and 2.87 were created as diastereomeric pairs 
through the coupling of diol 2.81 to both enantiomers of the Mosher acid (2.84 and 2.86) 
(Scheme 2.16). These newly formed esters adopt an s-trans orientation across their O–CO bond 
and both the trifluoromethyl group and the methine proton of the secondary alcohol moiety align     
 
 
Scheme 2.16 Synthesis of Mosher Esters 2.85 and 2.87 for Stereochemical Analysis 
 
themselves syn-coplanar with the carbonyl group.89 This fixed arrangement of atoms can be 
exploited through nuclear magnetic resonance (NMR) experiments. The absolute stereochemistry 
at carbon three was determined to be the desired R conformation through comparing the proton 
shifts of both diastereomers (Table 2.2). The enantiomeric excess was determined to be 99% 
using 19F NMR data on Mosher ester 2.85.  
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Table 2.2 Chemical Shifts of Protons in Mosher Esters 2.85 and 2.87  
and Application of the Advanced (δS-δR) Mosher Methods 
 
 
The same analytical procedure was applied to tetrahydrofuran 2.83 to determine the 
stereochemistry of the newly formed secondary alcohol. Formation of the diastermeric Mosher 
ester pair is shown in Scheme 2.17. The absolute stereochemistry at C7 was determined to be the 
desired S configuration through comparing the proton shifts of ester 2.88 and 2.89 (Table 2.3). 
  
 
Scheme 2.17 Synthesis of Mosher Esters 2.88 and 2.89 for Stereochemical Analysis 
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Table 2.3 Chemical Shifts of Protons in Mosher Esters 2.88 and 2.89 
and Application of the Advanced (δS-δR) Mosher Methods 
 
 
 The last chiral center that needed to be checked was C6 of tetrahydrofuran 2.83. It was 
hypothesized that the THF ring system present in ester 2.89 (a derivative of tetrahydrofuran 2.83) 
would adopt a fixed envelope conformation due to the unfavorable 1,3-diaxial interaction present 
if the substrate underwent a chair flip. This allowed for a two-dimensional NMR experiment to 
determine the stereochemistry at the remaining unknown center. We observed a strong NOE 
signal between the methine protons on C3 and C7 (Figure 2.9). This interaction confirms that the 
orientation around carbon six is the desired R configuration. 
 
 
Figure 2.9 Key NOE Observed in NOESY Experiment of 2.89 
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The last stereochemical analysis we performed in route to vinyl iodide 2.51 was on the 
diastereomer that arose from the Shi epoxidation and cyclization step for tetrahydrofuran 2.83 
(Scheme 2.15). The other diastereomer could be generated in two different manners. The first 
possibility would be if the Shi epoxidation proceeded without a high level of stereocontrol and 
the other option would be if the stereocenter at C6 were scrambled due to opening the epoxide 
under acidic conditions. The Mosher ester analysis on tetrahydrofuran 2.90 elucidated an R 
configuration at C7 (Scheme 2.18, Table 2.4). This indicates that complete inversion took place 
at C6 during the cyclization reaction for tetrahydrofuran 2.83 and the other diastereomer is 
obtained from imperfect stereocontrol in the epoxide formation. 
 
Scheme 2.18 Synthesis of Mosher Esters 2.91 and 2.92 for Stereochemical Analysis 
 
Table 2.4 Chemical Shifts of Protons in Mosher Esters 2.91 and 2.92 
and Application of the Advanced (δS-δR) Mosher Methods 
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The formation of alkyne 2.83 leads to the final stages for synthesizing vinyl iodide 2.51.   
The two hydroxy groups present in tetrahydrofuran 2.83 were protected using TESCl in an 89% 
yield. Next, we planned on optimizing the vinyl iodide formation reaction. Our standard method 
of generating 1,1-disubstituted vinyl iodides was to perform a stannylalumination reaction on an 
alkyne followed by a tin-iodide exchange.78 This method, however, posed problems due to low 
yields and toxic reagents. To address the problem, a hydrosilylation reaction was performed 
across the alkyne with Markovnikov regioselectivity. The newly formed vinylsilane underwent a 
silyl-iodide exchange to arrive at the required 1,1-disubstituted vinyl iodide. This was 
accomplished by exposing alkyne 2.58 to Trost’s procedure, which utilizes a catalytic cationic 
ruthenium complex ([CpRu(MeCN)3]PF6) and triethylsilane to perform the desired 
hydrosilylation reaction.90 This method proved to be highly effective in generating the desired 
1,1-disubstituted vinylsilane. Several silyl-iodine exchange procedures were unsuccessful. 
However, simple iodine addition under basic condition ensured no deprotection of the silyl ethers 
and excellent silyl-iodine exchange. Initially these reactions were run separately; however, after 
optimization the entire conversion of alkyne to vinyl iodide can be performed in one flask. In 
addition to being higher yielding and more operationally practical, the current protocol is 
dramatically less toxic for the environment than the originally proposed stannylalumination 
reaction. 
 
Scheme 2.19 Optimized Route for Vinyl Iodide 2.51 
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2.4.2 First Improvements in the Route for Aldehyde 2.50  
Dr. Shuangyi Wan’s previous synthesis of aldehyde 2.50 exposed key spots in the route 
for optimization.75 The first improvements addressed were the regioselective and stereoselective 
epoxidations and the timing of the tert-butyl carbonate installation (Scheme 2.20).   Diol 2.67 
was obtained through the route previously presented in Schemes 2.10 and 2.11. As shown 
previously, Sharpless asymmetric epoxidation of diene 2.67 was not efficient.58 The tethered, 
free hydroxyl group present in compound 2.67 is positioned perfectly to undergo cyclization into 
the newly formed epoxide. Therefore, protection of the alcohol as the tert-butyl carbonate was 
performed prior to running iterative Shi epoxidations.66 Unfortunately, low yields and 
incomplete conversion to diene 2.93 was observed when diol 2.67 was exposed to standard Boc-
protection conditions, with a dimeric carbonate being a major byproduct. The dimerization of 
alcohols across a carbonate or anhydride linkage is a known byproduct when Boc-anhydride is 
used to generate O-Boc protected alcohols.91 
 
 
Scheme 2.20 Improved Synthesis for Lactol 2.95 
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Following the tert-butyl carbonate installation, the more reactive alkene was epoxidized 
using the (L)-fructose derived Shi ketone (2.82) to generate epoxide 2.94 in moderate yields with 
no epoxidation occurring at the undesired alkene. The selectivity between the two alkenes 
present in diene 2.93 is primarily due to the electronics. The trisubsituted alkene present in the 
allylic tert-butyl carbonate moiety is significantly deactivated due to an inductive effect. Thus, 
the epoxidizing agent interacts with the desired electron rich alkene preferentially.     
To perform the next epoxidation, the (D)-fructose derived Shi ketone (2.69) was used to 
generate the opposite stereochemical outcome at the remaining alkene in compound 2.94. 
Extended reaction time and increased catalyst and oxidant loading provided the desired 
diepoxide 2.52. The low conversion of starting material is due to the Baeyer-Villiger oxidation92 
of the Shi ketone becoming more favorable than epoxidation of the deactivated alkene.93 
Formation of lactol 2.95 was achieved when diepoxide 2.52 was exposed to the ETIC reaction 
conditions. The information gained from these preliminary reactions ultimately directed our 
synthesis towards its current iteration.   
2.4.3 Retrosynthetic Analysis of Diepoxide 2.87 
The retrosynthetic analysis of lactodehydrothyrsiferol (2.1) was redesigned to form a 
more practical route. The synthesis of diepoxide 2.96 was changed to a more convergent 
approach by bisecting the molecule into diene 2.97 and vinyl iodide 2.98 through a Suzuki-
Miyaura coupling (Figure 2.10).61-63 In addition to this redesign, the functionality present on 
diepoxide 2.96 was altered to aid in increasing the efficiency of certain transformations. The 
substrate was designed to be more reactive by adding a phenyl substituent in the benzylic 
position lowering the bond dissociation energy of the fragmenting bond in the ensuing ETIC 
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reaction.8 In addition, a new protecting group scheme was proposed to allow for a higher 
conversion during installation of the requisite tert-butyl carbonate. Finally, a novel Shi 
epoxidation method was sought out by using newly designed Shi ketone analogs with heightened 
reactivity.94,95  
 
 
Figure 2.10 Retrosynthetic Analysis of Diepoxide 2.96 
2.4.4 Synthetic Route for Suzuki-Miyaura Coupling Partners 2.97 and 2.98 
Scheme 2.21 illustrates the synthesis of vinyl iodide 2.89 from alkynol 2.99. The 
formation of silyl ether 2.100 was readily accomplished by treating 4-pentynol (2.99) with 
TBDPSCl and imidazole in DMF. Silyl ether 2.100 was converted into the propargylic alcohol 
2.101 using n-butlylithium and paraformaldehyde. Tributyltin hydride and Pd(PPh3)4 induced a 
cis hydrostannylation across the alkyne present in compound 2.101. The observed 
regioselectivity is provided by the heteroatom’s ability to coordinate to the metal complex and 
direct its delivery.96 A tin-iodide exchange rapidly took place upon adding iodine to the reaction 
mixture to produce vinyl iodide 2.102. Vinyl iodide 2.98 was furnished in excellent yields after 
performing a TES protection on the remaining allylic alcohol. 
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Scheme 2.21 Synthesis of Vinyl Iodide 2.98  
 
The construction of diene 2.97 was achieved using the route presented in Scheme 2.22.   
Starting with 4-pentynol (2.99), a carboalumination reaction was carried out according to Wipf’s 
protocol.97 The carboalumination intermediate was trapped with iodine to generate the 
trisubsituted vinyl iodide 2.103. A Kumada cross-coupling between vinylmagnesium bromide 
and vinyl iodide 2.103 furnished diene 2.104 with excellent yields.98 Attempts to perform this 
two-step protocol in one-pot using zinc chloride to facilitate a Negishi cross-coupling 
unfortunately provided a mixture of inseparable products.  Primary alcohol 2.104 was converted 
to aldehyde 2.105 using a Swern oxidation.74 Aldehyde 2.105 was taken directly to the next step  
 
 
Scheme 2.22 Synthesis of Diene 2.97  
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without purification due to its volatility. Alcohol 2.106 was produced when aldehyde 2.105 was 
exposed to diphenylmethyl lithium. This provided the desired diphenylmethyl moiety that is 
necessary for the key ETIC reaction. Diene 2.97 was successfully obtained upon the methylation 
of the secondary alcohol present in compound 2.106. 
2.4.5 Suzuki-Miyaura Coupling of Diene 2.97 and Vinyl Iodide 2.98 
The Suzuki-Miyaura coupling of diene 2.97 with vinyl iodide 2.98 was not a trivial 
undertaking.61-63 Multiple reaction conditions were attempted to obtain the desired 
transformation (Scheme 2.23). The hydroboration of the terminal, monosubsituted alkene was 
achieved using freshly prepared disiamylborane (2.106). Low yields were a constant problem 
when the commercially purchased 1.0 M 9-borabicyclo[3.3.1]nonane (9-BBN) in THF solution 
was used. Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) was chosen to be the optimal 
Pd0 source after screening a wide variety of catalysts. The commonly utilized conditions 
employing [PdCl2(dppf)], triphenylarsine, and cesium carbonate in DMF proved to be ineffective  
 
 
Scheme 2.23 Suzuki-Miyaura Coupling and tert-Butyl Carbonate Instillation for Diene 2.109 
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in generating desired product. Coupling product 2.107 was obtainable however, by instead using 
3.0 M NaOH in THF. The reaction reaches completion after stirring for two days at ambient 
temperature with a yield of 91%. Heating the reaction mixture to increase the rate unfortunately 
produces olefin isomers at alkene C10 in diene 2.107. 
Installation of the tert-butyl carbonate was performed after generation of Suzuki-Miyaura 
coupling product 2.107. Selective silyl deprotection was accomplished under mildly acidic 
conditions, using pyridinium p-toluenesulfonate (PPTS) to generate the allylic alcohol 2.108. 
Boc-anhydride proved once again to be troublesome in generating the O-Boc protected alcohol, 
with dimerization being problematic when allylic alcohol 2.108 is exposed to the standard 
reaction conditions.91 Ultimately, we were able to overcome the generation of the undesired 
dimer by using n-butyllithium and Boc-ON to obtain diene 2.109.99  
2.4.6 Optimized Suzuki-Miyaura Coupling with Direct Access to Diene 2.109 
We desired to further optimize the Suzuki-Miyaura coupling reaction to remove the 
protecting group exchange plaguing our current route. A direct method to diene 2.109 would 
provide a synthetic strategy that is more step economical.17 Kogen and coworkers have reported 
the Suzuki-Miyaura coupling of similar substrates where the allylic alcohol was uprotected.100 
However, the desired coupling product diene 2.108 (Scheme 2.23) was never generated when 
vinyl iodide 2.102 (Scheme 2.21) and diene 2.97 (Scheme 2.23) were exposed to their coupling 
conditions. Under their conditions, vinyl iodide 2.102 was converted into an unreactive coupling 
partner by the oxidation of the primary alcohol into the corresponding aldehyde and the 
reduction of the vinyl iodide into the disubsituted alkene. It was these observations that lead to 
the aforementioned optimized procedure.  
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We hypothesized that installation of the tert-butyl carbonate prior to coupling would 
allow for the direct conversion to diene 2.109. Vinyl iodide 1.102 is readily converted into the O-
Boc protcected alcohol 2.110 using Boc-anhydride with no dimerization being observed during 
this transformation (Scheme 2.24). Initially we used the Suzuki-Miyaura coupling conditions 
previously discussed in Scheme 2.23.  We observed only partial conversion to the product with 
decomposition of vinyl iodide 2.110 through the loss of the carbonate functionality. This 
undesired pathway renders Boc-protection prior to coupling inefficient without further 
optimization.     
The first improvement leading to higher reproducible yields was observed through 
exchanging the hydroboration reagent to commercially available 9-BBN dimer. Even though this 
led to more product formation, low yields and starting material degradation was still present 
while using Pd(PPh3)4 as the catalyst. We performed an exhaustive screen of Pd0 sources and 
witnessed significant yield improvements with Pd(PtBu3)2.101,102 This catalyst generated the 
desired diene 2.109 without any observable vinyl iodide 2.110 decomposition. The reaction was  
 
 
Scheme 2.24 Suzuki-Miyaura Coupling of Diene 2.97 and Vinyl Iodide 2.110 
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fully optimized after a solvent screen and base selection. This current route provided a practical 
method to generate a large amount of late stage intermediates.   
2.4.7 Optimized Route to Aldehyde 2.50  
The Suzuki-Miyaura coupling of compounds 2.97 with 2.110 provided the requisite diene 
2.109 to undergo iterative Shi epoxidations.66,95 It is important to reiterate that the epoxides being 
added across the two alkenes have opposite stereochemical orientations. Even though prior 
routes provided the desired outcome, the yields in both of the previous examples were not 
optimal (Scheme 2.11 and Scheme 2.20). The first epoxidation was performed using the (L)-
fructose derived Shi ketone (2.82) to generate monoepoxide 2.111. Once again, the electron rich 
alkene at C5 interacted with the electron poor dioxirane preferentially to achieve a regioselective 
epoxidation (Scheme 2.25). Previous studies on a similar system (Scheme 2.20) revealed that the 
trisubsituted alkene between C9 and C10 present in the allylic tert-butyl carbonate moiety is very 
deactivated. Thus, the epoxidation of the electron rich alkene at carbon five can be pushed 
towards completion by increasing the oxidant loading without the fear of forming the undesired 
diepoxide. 
The next epoxidation called for a more robust and reactive catalyst that would favor 
epoxidation of the deactivated alkene at C10 over the competing Baeyer-Villiger oxidation 
pathway that renders the catalyst inactive.92 To increase the reactivity of the Shi ketone, the 
electronic properties of the catalyst were altered by deprotecting one of the cyclic acetals to 
expose a 1,2-diol that was reprotected with acetyl groups.94,95 Vidal-Ferran’s practical synthesis 
of Shi ketone analog 2.112 was used to generate the (D)-fructose derived catalyst.103 The 
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formation of diepoxide 2.96 occurred with an 87% yield when monoepoxide 2.111 was exposed 
to organocatalyst 2.112.    
 
 
Scheme 2.25 Diepoxidation of Diene 2.109 and ETIC 
    
The Shi ketone anaolog 2.112 ultimately achieves its reactivity through its altered 
electronic character. The electron withdrawing effect provided by the two acetoxy groups present 
in the catalyst causes the Baeyer-Villiger oxidation pathway to be unfavorable. This alteration 
allows for the catalyst to be more robust and tolerate longer reaction times. In addition, the two 
acetoxy groups are able to pull electron density away from the dioxirane causing it to become 
more electrophilic. This effect increases the reactivity of catalyst 2.112 and allows for the 
deactivated alkene to undergo the desired transformation.    
The large difference in reactivity of both the catalysts ((L)-fructose derived Shi ketone 
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2.109 provided the opportunity to attempt a one pot diepoxidation that is both stereoselective and 
regioselective. Diene 2.109 was exposed to the general Shi epoxidation procedure using (L)-
fructose derived Shi ketone 2.82. However, instead of quenching and working up the reaction 
mixture, the (D)-fructose derived Shi ketone analog 2.112 was added along with additional 
oxidant. Catalyst 2.82 undergoes the decomposition pathway before reacting with substrate 
2.111. This prevents the undesired diastereomers from being formed and produces diepoxide 
2.96 in an 82% yield. 
Finally, the ETIC reaction was performed on diepoxide 2.96 (Scheme 2.25) with 
improved results versus the 34% yield that was observed using diepoxide 2.52 (Scheme 2.20). 
The reaction now proceeded with an isolated yield of 45% (75% based on recovered starting 
materials). Thus, the previous observed reactivity enhancement for adding a phenyl substituent in 
the benzylic position to lower the bond dissociation energy of the fragmenting bond held true for 
substrate 2.96.8 Unfortunately, the reaction halts formation of product around ~55% conversion, 
and decompostion of lactol 2.95 was observed as reaction time is increased.  
Our first improvements in obtaining aldehyde 2.50 are shown in Scheme 2.26. Oxidation 
of the lactol 2.95 to lactone 2.113 was achieved using Grieco’s procedure.104 Jones reagent was  
 
 
Scheme 2.26 First Improvements in Synthesis of Aldehyde 2.50 
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no longer a viable option due to excessive decompostion as the reaction was ran on a larger 
scale.83 Silyl ether deprotection was accomplished in excellent yields under ammonium fluoride 
conditions. The commonly seen deprotection with TBAF proved to be too harsh and only gave 
fair yields. Formation of aldehyde 2.50 was completed through Parikh-Doering oxidation of 
alcohol 2.114.59 
The current method for acquiring aldehyde 2.50 was generated from observing that 
Grieco’s oxidation conditions caused silyl ether cleavage. Complete deprotection was achieved 
through stirring the reaction mixture overnight. We also desired a new oxidation procedure to 
create the requisite aldehyde functionality for the NHK coupling. Alcohol 2.114 was shown to be 
very polar and solubility issues caused the Parikh-Doering oxidation to result in varying yields. 
This problem was solved by running the reaction in DMSO with IBX to afford the desired 
transformation in a 93% yield.105  
 
 
Scheme 2.27 Optimized Synthesis of Aldehyde 2.50 
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carbonate in methanol to yield diol 2.115. Ketone 2.116 was readily formed through the lead 
(IV) acetate mediated oxidation of the 1,2-diol present in compound 2.115. Axial delivery of a 
hydride was accomplished using sodium borohydride to furnish secondary alcohol 2.117. This 
was verified using Karplus’s analysis for 3J-coupling values.106 Mosher esters 2.118 and 2.119 
were created as diastereomeric pairs through the coupling of alcohol 2.117 to both enantiomers 
of the Mosher acid (2.84 and 2.86). The absolute stereochemistry at the recently formed 
secondary alcohol was determined to be the desired S orientation through comparing the 1H 
shifts of both diastereomers (Table 2.5). 
 
 
Scheme 2.28 Synthesis of Mosher Ester 2.118 and 2.119 
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Table 2.5 Chemical Shifts of Protons in Mosher Esters 2.118 and 2.119 
and Application of the Advanced (δS-δR) Mosher Methods 
 
2.4.8 NHK Coupling of Vinyl Iodide 2.51 and Aldehyde 2.50 
 The successful formation of aldehyde 2.50 and vinyl iodide 2.51 allowed for another key 
coupling. The Nozaki-Hiyama-Kishi (NHK) reaction was chosen due to its high 
chemoselectivity in coupling aldehydes with vinyl halides via a well defined chromium mediated 
redox reaction.51-53 The advantageous Fürstner procedure was employed to generate allylic 
alcohol 2.121.80 Unlike the original NHK coupling that uses multiple equivalents of toxic, air 
sensitive chromium (II) chloride, Fürstner’s method is catalytic in air stable chromium (III) 
chloride. This is accomplished by using manganese metal to reduce the inactive chromium (III)  
 
 
Scheme 2.29 Non-Asymmetric NHK Coupling of Vinyl Iodide 2.120 and Aldehyde 2.50 
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salt to the active chromium (II) salt, and by promoting catalyst turnover with the addition of 
TMSCl to cleave the chromium-oxygen bond formed during the reaction mechanism. These 
reaction conditions provided the formation of allylic alcohol 2.121 through the union of aldehyde 
2.50 with vinyl iodide 2.120 (Scheme 2.29). The suboptimal yield was obtained in part due to the 
formation of complex salt mixtures that lead to difficult product isolation. In addition, these 
couplings are highly dependent on substrate concentration, making them technically challenging 
on small scale.   
 Originally we envisioned constructing the pyranopyran ring system in such a manner that 
the resulting mixture of diastereomers from the NHK cross coupling was not problematic. We 
planned on oxidizing the allylic alcohol to generate the corresponding ketone. Next the cyclic 
carbonate moiety was cleaved and the resulting lactol was exposed to reductive conditions. 
Unfortunately no desired product formation was seen. We next attempted to obtain 
diastereomericly pure product through oxidizing allylic alcohol 2.121 and performing a Corey-
Bakshi-Shibata reduction.107,108 Once again this synthetic strategy proved to be unfruitful.  
We decided to perform the more laboratory technical demanding asymmetric variant of 
the NHK cross coupling.109-111 This reaction achieves its stereospecificity using chiral 
sulfonamide ligands that adhere to chromium. The sulfonamide ligands are accessed through 
enantio-pure amino acids. In addition, Kishi uses zirconcene dichloride to aid in catalyst turnover 
instead of the commonly seen TMSCl. This reagent switch helps improve the overall yield by 
removing the unproductive silyl enol ether formation pathway.  We were hopeful in the 
application and results of this protocol, as the substrate scope reported by Kishi matches the 
substrates present in our route. It is important to mention that reagent purity is essential for 
obtaining reproducible yields. This entails recrystallizing all organometallics present in the 
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reaction mixture and activating the manganese prior to use. We selected sulfonamide 2.122 due 
to its reported ability to achieve a highly stereoselective transformation and the ease of its 
preparation (Scheme 2.30). The coupling proceeded with an excellent yield and a desirable 
diastereomer ratio of eight to one to give allylic alcohol 2.123.  
 
Scheme 2.30 Asymmetric NHK Coupling of Aldehyde 2.50 and Vinyl Iodide 2.51 
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desired S orientation through comparing the proton shifts of both diastereomers (Table 2.6).  
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Scheme 2.31 Stereochemical Analysis for Allylic Alcohol 2.123 
 
Figure 2.11 Shielding Effects Seen on 2.125 and 12-epi-2.125 
 
Table 2.6 Chemical Shifts and Abundance of Vinyl Protons in 2.125 and 12-epi-2.125 
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the similarity of tosylation rates for the primary and secondary alcohol. Chemoselectivity was 
achieved by adding dibutyltin oxide into the reaction mixture to increase the rate for primary 
tosylate formation.113 The 1,2-diol in compound 2.126 reacts with the dibutyltin oxide to form 
the five-membered chelate, which activates the primary position to attack tosyl chloride and 
generate tosylate 2.127. 
 
 
Scheme 2.32 Selective Deoxgenation of a Triol to Generate Diol 2.128 
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2.4.10 Completion of Synthesis to Lactodehydrothyrsiferol 
The final steps for the synthesis of lactodehydrothyrsiferol (2.1) included a cyclization to install 
the pyranopyran ring system followed by global deprotection. This was accomplished by 
exposing diol 2.128 to a modified Mitsunobu reaction69 that utilizes the Tsunoda reagent,70 
CMMP (2.38), to facilitate the final ring closure. The reaction mechanism proceeded through 
activation of the secondary alcohol by CMMP to form a phosphonium ether and to liberate 
acetonitrile. This undergoes cyclization by the attack of tertiary alcohol to expel the stable 
trimethylphosphine oxide. Hoiki and coworkers already demonstrated the success of this 
cyclization during their synthesis of pseudodehydrothyrsiferol (2) (Scheme 2.6).42 Finally, mild 
silyl ether cleaving conditions using TBAF granted access to the natural product 2.1. 
 
 
Scheme 2.33 Completion of Synthesis for Lactodehydrothyrsiferol (2.1) 
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Figure 2.12 Carbon Numbering for Lactodehydrothyrsiferol (2.1) 
 
Table 2.7 1H-NMR Comparison of Natural 2.1 versus Synthetic 2.1 
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Table 2.8 13C-NMR Comparison of Natural 2.1 versus Synthetic 2.1 
 
 
Table 2.9 [α]D Comparison of Natural 2.1 versus Synthetic 2.1 
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2.5 CONCLUSION  
This is the first reported total synthesis of lactodehydrothyrsiferol, with a longest linear 
sequence of 16 steps. The synthesis showcased a variety of key transformations including an 
ETIC reaction on a diepoxide to generate a series of cyclic polyethers, a mild and 
envioromentally friendly procedure to generate 1,1-disubstuted alkenes from a terminal alkyne, a 
Suzuki cross coupling reaction on a iodinated allylic carbonate, a one pot diepoxidation of a 
diene to generate two epoxides with opposite stereochemical identities, an asymmetric NHK 
reaction, and the selective deoxygenation of a triol.    
The convergent nature of this synthesis allows it to be a prime candidate to produce a 
variety of analogs. In addition, the stereocenters are formed using chiral reagents that are 
available in both enantiomers. This provides the ability to switch stereoisomers with ease. Future 
plans include constructing a library of analogs for biological testing against the serine/threonine 
protein phosphatase 2A. 
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3.0  OXIDATIVE BIMOLECULAR COUPLING REACTION 
3.1 INTRODUCTION 
Oxidative protocols to form C–C bonds through C–H bond cleavage are becoming an 
increasingly important transformation. The ability to extend these methods to include 
bimolecular cross-couplings is of high priority. The Floreancig group undertook this challenge 
due to its experience in C–H bond activation. They have previously shown that heterocycles can 
be formed through 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) oxidation of allylic and 
benzylic ethers followed by sequential intramolecular attack of tethered nucleophiles (See 
Section 1.2).24,26 It was hypothesized that this process could be extended to an intermolecular 
variant to form substituted benzopyran systems (Figure 3.1). The benzopyran subunit was 
selected for the chemical scaffold because it is common in many natural products and 
biologically active targets.116  
 
 
Figure 3.1  Proposed Oxidative Coupling Reaction 
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Previous research published on derivatizing 2H-chromene revealed that reactive 
intermediate 3.2 was stable and reactive enough to undergo the desired transformation (Figure 
3.2).117 This chemistry was performed by exposing the labile leaving group in benzopyran 3.4 to 
multiple equivalents of a Lewis acid. This process readily formed the aromatic stabilized 
oxocarbenium ion 3.2 that has been shown to react with π-nucleophiles. We planned on 
preparing the same reactive intermediate without the need for a leaving group through C–H bond 
activation. This would create a synthetic strategy that is more atom and step economical than 
current protocols.17,18 In addition, the scope of the chromenes and nucleophiles that undergo 
these transformations will be expanded.     
 
 
Figure 3.2 Current Method to Access Reactive Cation 3.2 
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promoting a favorable 6-endo-dig cyclization.120 This gold catalyst was far superior to the 
originally tested PtCl4121 method and provided a scalable reaction that produced high yields with 
short reaction times. 
 
 
Scheme 3.1 Two-Step Protocol to Synthesize 2H-Chromene (3.9) 
 
 Multiple reaction parameters were screened on the recently furnished 2H-chromene (3.9) 
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Scheme 3.2 Optimized Reaction Conditions for 2H-Chromene (3.9) 
 
The reaction was hypothesized to undergo the reaction mechanism presented in Figure 
3.3. The oxidation of 2H-chromene (3.9) proceeded through an electron transfer to DDQ 
(1.36).29 Radical cation 3.12 was furnished following either a hydrogen atom abstraction or 
proton transfer followed by electron transfer. DDQ adduct 3.14 was formed through the 
combination of oxocarbenium ion 3.13 and DDQH– (1.40). This unreactive intermediate was 
converted to reactive ion pair 3.15 in the presence of LiClO4. The desired carbon–carbon bond 
formation was achieved after the addition of the π-nucloephile.   
 
 
Figure 3.3 Proposed Mechanism for Oxidative Coupling Reaction 
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3.3 INVESTIGATION INTO NUCLEOPHILE SCOPE 
3.3.1 Selection and Synthesis of Nucleophiles for Study 
A representative class of π-nucleophiles was selected after optimizing our oxidative 
coupling reaction conditions. It was decided to synthesize a few allylic trimethylsilanes to test if 
there was a preferable transition state that would give rise to some level of diastereocontrol 
(Scheme 3.3). Olefin isomers 3.17 and 3.18 were both furnished from 1-hexyne (3.16). Alkyne 
3.16 was reduced using Negishi’s procedure for in situ Schwartz generation followed by 
quenching with iodine.122 The trans-substituted olefin 3.17 was formed following a palladium 
mediated Kumada coupling with trimethylsilyl methyl Grignard.98 In contrast, the cis-substituted 
olefin 3.18 was obtained following the P-2 nickel reduction of the propargylic alkyne formed 
through the union of hexyne (3.16) and iodomethyl trimethylsilane.123 (E)-Crotyl trimethylsilane  
 
 
Scheme 3.3 Synthesis of Allylic Trimethylsilanes 
 
1) Cp2ZrCl2, DIBAL-H
    THF, 0 °C; I2, –78 °C (76%)
2) TMSCH2MgCl, Pd(PPh3)4
     THF, 0 °C (87%) TMS
1) n-BuLi, THF, –30 °C;
     TMSCH3I, 0 °C (100%)
2) NaBH4, NaOH, Ni(OAc)2
    Ethylenediamine
     EtOH, H2 (94 %)
TMS
OH
1) LAH, DME, 0 °C
2) PBr3, Et2O, °C
3) CuCl, Et2O, HSiCl3
    Et3N, 0 °C
4) MeMgI, Et2O, 40 °C
 (36% over four steps) TMS
3.16
3.16
3.19
3.17
3.18
3.20
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(3.20) was formed as a single olefin isomer through merging multiple protocols from the 
chemical literature.       
The silyl enol ethers that were chosen for screening are displayed in Figure 3.4. 
Traditional silyl ether formation procedures provided access to acetone derived nucleophile 3.21 
and N-acetyl pyrrole derived nucleophile 3.23.124 The commercially available cyclohexanone 
derived nucleophile 3.22 was exposed to the reaction conditions to determine the 
diastereocontrol for delivering the nucleophile to the reactive cation.  
 
 
Figure 3.4 Silyl Enol Ethers for Oxidative Coupling Reaction 
 
The last class of nucleophiles selected were potassium organotrifluoroborates.125 We felt 
confident that this emerging class of π-nucleophiles would cooperate with our electrophile due to 
the prior success demonstrated by MacMillan and coworkers with iminium ions1126 and Bode and 
coworkers with activated acetals.127 The majority of the organotrifluoroborates selected for 
testing were derived from 1-decyne (3.24) (Scheme 3.4). 1-Decyne (3.24) was reduced to a 
trans-1,2-disubstituted vinyl borane using pinnacolborane with a catalytic amount of Schwartz 
reagent.128 The borane was converted to the desired vinyl organotrifluoroborate salt 3.25 using 
aqueous potassium bifluoride (KHF2). Exposing the alkynyl anion to trimethyl borate and 
quenching with aqueous KHF2 easily accessed alkynyl trifluoroborate 3.26.129 The 1,1-
disubsituted functionality present in nucleophile 3.27 was achieved using Hoveyda and 
OTIPS
OTMS
N
OTMS
3.21 3.22 3.23
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coworkers’ nickel mediated hydroboration procedure.130 Potassium phenyl trifluoroborate (3.29) 
was synthesized by combining phenyl boronic acid (3.28) and KHF2 in methanol. 
 
 
Scheme 3.4 Synthesis of Potassium Trifluoroborates 
 
3.3.2 Nucleophile Scope for the Oxidative Coupling Reaction 
The nucleophile scope for 2H-chromene is displayed in Table 3.1. The reactions were all 
run using the aforementioned optimized conditions for the oxidation segment of the reaction. The 
reaction times varied from 30 minutes to overnight depending on the nucleophile. All reactions 
underwent a basic workup before being purified using flash chromatography. The isolated yield 
of product was reported. 
7
1) H–Bpin, HZrCp2Cl
    CH2Cl2, 0 °C (78%)
2) KHF2, MeCN, H2O (60%)
n-BuLi, THF, –78 °C; 
B(OMe)3, 0 °C;
KHF2, H2O (60%)
1) NiCl2(dppp), DIBAL-H
    THF, 0 °C; MeO–Bpin (77%)
2) KHF2, MeCN, H2O (71%)
7
7
7
BF3K
BF3K
BF3K
B(OH)2 BF3KKHF2, MeOH (94%)
3.24
3.25
3.26
3.27
3.28 3.29
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Table 3.1 Nucleophile Scope for Oxidative Coupling for 2H-Chromene (3.9) 
 
All reactions were ran in MeCN at 0 °C with LiClO4 (1.5 equiv.) and DDQ (1.3 
equiv.). Reactions were stirred for 30 minutes prior to adding the nucleophile (2.0 
equiv.). Reaction mixtures were quenched after stirring an additional 30 minutes. 
aReactions were stirred overnight.  
O O
Nucleophile
DDQ, LiClO4,
4 Å M.S. 
MeCN, 0 °C O Nu
Nucleophile Product Yield
O
TMS
O
O
O
O
O
74%
47%
33%a
H
H
63%a 
dr 1:0
51%a
dr 6:1
O
O
71%
dr 1:1.6
O Ph
65%
3.37
3.35
3.35
3.33
3.34
3.32
3.31
3.11
3.17
3.18
3.21
3.22
3.23
3.36
3.25
3.9 3.13 3.30
7
7
6
TMS
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N
OTMS
N
O
7
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7
BF3K
7
BF3K
BF3K
O
O
O
O
N
N
O
O
3.26
3.27
3.29
3.38
3.39
3.40
66%
0%
66%
trace
3.10
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The first class of π-nucleophiles subjected to reactive cation 3.13 was the allylic 
trimethylsilanes. Allyltrimethylsilane (3.10) gave the best overall result of the nucleophiles 
screened with a yield of 74% within 30 minutes. Next, we tested the olefin isomer pair 3.17 and 
3.18 to determine if any sort of diastereocontrol could be accomplished. The first observation 
seen using these bulkier nucleophiles was a significant decrease in reaction rate. The trans-olefin 
3.17 proceeded to give only one diastereomer at the level of proton NMR detection. The product 
produced was the syn-isomer (stereochemistry was determined via x-ray crystallography of a 
derivative). The cis-olefin 3.18 produced the opposite anti-isomer but with less diastereocontrol 
giving a 6:1 mixture. The determination of product stereochemistry and an in depth analysis of 
transition states for these reactions is provided in Section 3.6. 
 The silyl enol ethers gave a few curious results. The addition of acetone derived 
nucleophile 3.21 seemed to proceed cleanly by TLC analysis, however product isolation was 
consistently minimal. We proposed that the product was unstable and readily undergoes a retro-
aldol reaction. Addition of 2,6-dichloropyridine to the reaction mixture and keeping the reaction 
basic during purification proved to be unfruitful in increasing recovered product. Interestingly, 
cyclohexanone derived nucleophile 3.22 gave rise to stable coupling product 3.34 in a 71% yield. 
There was a minimal amount of diastereocontrol giving rise to a dr of 1:1.6. N-Acetyl pyrrole 
derived nucleophile 3.23 provided the electrophilic aromatic substitution product 3.35 versus the 
enol addition product. It was hypothesized this was due to the acidic properties of the reaction 
mixture, namely DDQH–, destroying the silyl enol ether functionality before it could react with 
the electrophile. A non-nucleophilic base was added to buffer the reaction mixture to prevent 
silyl ether cleavage, however no enol addition product was isolated. N-Acetyl pyrrole (3.36) was 
subjected to the reaction conditions in order to gain insight into the transformation. The key 
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observation from this experiment was the significant rate decrease in forming arylation product 
3.35. Therefore, it was postulated that the electrophilic aromatic substitution reaction occurs 
preferentially and the silyl enol ether functionality allows for more electron density to reside on 
the aromatic ring system. This created more nucleophilic character for substrate 3.23 versus 3.36 
and ultimately was the reason for the rate differences.   
 The final π-nucleophiles screened were the potassium organotrifluoroborates. Vinyl 
trifluoroborate 3.25 and alkynyl trifluoroborate 3.26 both reacted with cation 3.13 with good 
yields to give the predicted products; however, 1,1-disubstituted vinyl trifluoroborate 3.27 
proceeded to undergo a rearrangement to form coupling product 3.39 (Figure 3.5). It was 
hypothesized this transformation occurred due to the relative stabilities of the possible 
zwitterions that may arise when nucleophile 3.27 reacts with electrophile 3.13. The predicted 
mechanism for 1,1-disubstituted product formation includes highly unfavorable intermediate 
3.45, where an unstable primary cation was tethered to an electron deficient carbon. Therefore, 
nucleophile 3.41 was added into cation 3.13 to from zwitterion 3.42. The resulting unfavorable  
 
 
Figure 3.5 Rearrangement with 1,1-Disubstituted Vinyl Trifluoroborates 
O
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O R
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cation was relieved through a 1,2-hydride shift to form intermediate 3.43 that readily expelled 
trifluoroborane to give the isolated product. Unfortunately, potassium phenyl trifluoroborate was 
unreactive and provided no desired coupling product.      
3.4 INVESTIGATION INTO BENZOPYRAN SCOPE 
3.4.1 Selection and Synthesis of Benzopyrans for Study 
The first class of benzopyrans selected for screening differed in electronic properties 
(Figure 3.6). All 2H-chromene derived substrates were synthesized using the previously 
mentioned two step protocol (Scheme 3.1).119 We achieved substrates that were able to stabilize 
the oxocarbenium ion by placing electron donating groups in either the six (compound 3.47) or 
eight (compound 3.48) position of the chromene. In contrast, we destabilized the oxocarbenium 
ion by adhering an electron withdrawing group in the seven position (compound 3.49). 
Chromene 3.46 was synthesized to create an electron rich system that neither aided nor hindered 
the electrophilic cation. We also wanted to expand the scope of our oxidative coupling to include 
isochromenes. Benzopyran 3.50 was furnished using Descotes protocol.131      
 
 
Figure 3.6 Selected Benzopyrans for Oxidative Coupling Reaction 
O O
O
O O
MeO OMe
MeO
NC
3.46 3.47 3.48
3.49 3.50
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We wanted to elucidate the role of steric interactions in our bimolecular reaction. This 
was accomplished by adding a methyl group to the three position of chromene (Scheme 3.5). 
Substrate 3.54 was readily synthesized through a ring closing metathesis reaction from diene 
3.53.9 
 
 
Scheme 3.5 Synthesis of Methyl Substituted Chromene 3.54 
 
We also wanted to form a benzopyran with specific functionality present that provides 
access to more complex molecular scaffolds after our coupling was completed. We envisioned 
dimethylphenylsilyl substituted chromene 3.60 would achieve this goal. This vinyl silane moiety 
could be converted to a carbonyl under Fleming-Tamao oxidative conditions132,133 or coupled 
with a variety of organohalides using Hiyama’s palladium mediated cross-coupling reaction.134 
The synthesis of this unknown compound was not a trivial task and many synthetic routes were 
attempted before arriving at the strategy shown in Scheme 3.6. Vinyl silane 3.55 was converted 
into the requisite coupling partner 3.56 through a dibromination across the olefin followed by an 
elimination reaction.135 Aryl bromide 3.58 was able to undergo an iron mediated coupling 
reaction with vinyl bromide 3.56 after being made into a Grignard reagent.136 Attempts to 
optimized this reaction included using either palladium or nickel to achieve the Kumada 
coupling, but no desired product was isolated with the major byproduct pathway being 
OH O O
Br
K2CO3, DMF
(89%)
Hoveyda-Grubbs
2nd Generation
catalyst, CH2Cl2, 50 °C
(82%)
3.51
3.52
3.53 3.54
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homocoupling.98 Diene 3.59 was exposed to ring closing metathesis conditions to furnish the 
silyl derived benzopyran 3.60 with a 72% yield.16  
 
 
Scheme 3.6 Synthesis of Silyl Substituted Chromene 3.60 
 
 Lastly, a substrate was designed with a tethered nucleophile that would give rise to a 
spiro product. This was easily achieved by performing a hydroboration oxidation on allyl 
substituted benzopyran 3.10. Another goal was to reoxidize a few of the coupling products 
isolated during the nucleophile scope study and add another nucleophile into the newly formed 
oxocarbenium ion. 
 
 
Scheme 3.7 Synthesis of Benzopyran 2.62 
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Br Br
K2CO3, DMF
(100%)
SiPhMe2
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O
SiPhMe2
1) Br2, CHCl3, 0 °C
2) Pyridine, 120 °C
(54% over 2 steps) Br
Mg, LiCl
THF, 0 °C
FeCl3, 
TMEDA,
THF
(33%)
O
SiPhMe2
O
SiPhMe2Hoveyda-Grubbs2nd Generation
catalyst, CH2Cl2, 50 °C
(72%)
3.57 3.58
3.55 3.56
3.59 3.60
O O OH
9-BBN Dimer, THF;
2.0 M NaOH, 30% H2O2
(72%)
3.10 3.62
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3.4.2 Benzopyran Scope for the Oxidative Coupling Reaction 
 The benzopyran scope for the oxidative coupling reaction is given in Table 3.2. The 
oxidation was performed prior to adding the nucleophile in all examples; however, cation 
formation differed between benzopyrans (see footnotes on Table 3.2 for reaction conditions). All 
reactions underwent a basic workup before purification using flash chromatography. The isolated 
yield of product was reported. 
The role of electronic properties present in the benzopyran and their effect on the 
bimolecular carbon–carbon bond forming protocol was studied. Electron rich chromene 3.46 
showed slightly less reactivity than unsubstituted 2H-chromene (3.9). Benzopyran 3.47 and 3.48 
showed a remarkable decrease in yield. These substrates were easier to oxidize because of their 
ability to stabilize the oxocarbenium ion through resonance; however, this stabilization caused 
the electrophilicity of the cation to decrease and ultimately led to poor reactivity. In contrast, 
electron deficient benzopyran 3.49 gave excellent yields. The oxidation of substrate 3.49 
required elevated temperature and increased reaction time. The poor stability of the resulting 
cation created a significant increase in electrophilicity. It was pleasing to discover that aryl 
trifluoroborate 3.29 showed reactivity towards the destabilized cation formed from benzopyran 
3.49 even though it was unreactive with the oxidized version of 2H-chromene (3.9). 
There was success in expanding the scope of the reaction to include isochromene 3.50. It 
was observed that cation formation proceeded extremely quickly and once formed was highly 
unstable. Therefore the decision was made to run the reaction at lower temperatures and monitor  
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Table 3.2 Benzopyran Scope for Oxidative Coupling 
 
Reactions were performed in MeCN at 0 °C with LiClO4 (1.5 equiv.) and DDQ (1.3 equiv.). Reactions were stirred 
for 30 minutes prior to adding the nucleophile (2.0 equiv.). Reaction mixtures were quenched after stirring an 
additional 30 minutes. aReactions were heated to reflux after DDQ addition for two hours then cooled to ambient 
temp before nucleophile was added. bNucleophile addition took 15 min. cNucleophile addition took 16 h. 
dNucleophile addition went overnight at reflux. eOxidation was performed in DCE at –30 °C and after ten minutes 
the nucleophile was added before warming to ambient temp. over 30 min. fOxidation stirred for 2 h and nucleophile 
addition took 1 h to reach completion. gReaction was complete 15 min after DDQ addition.   
DDQ, LiClO4,
4 Å M.S. 
MeCN
Benzopyran Product Yield
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R
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O
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O
O
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O
O
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O
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O
TMS
TMS
TMS
TMS
TMS
TMS
TMS
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KF3B Ph
SnBu3
–
74%
64%
46%
27%
92%a,b
74%a,c
dr 1:0
45%a,d
79%e
60%
71%f
93%g
3.9
3.46
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3.48
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3.53
3.29
3.54
3.11
3.55
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3.57
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3.59
3.60
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3.62
3.63
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3.10
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3.10
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3.10
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H
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the progression of cation formation closely. It was postulated that increasing the nucleophilicity 
of the π-nucleophile would decrease the length of time the cation was present in the reaction 
mixture, ultimately giving it less time to degrade through unproductive pathways.137 These 
measures allowed for the transformation to proceed with a 79% yield. It is important to highlight 
the extent of stabilization gained through aromaticity. This is clearly displayed through the 
comparison of our isochromene example with Li and coworkers with isochroman (Scheme 
3.8).138 Oxidation of isochromene (3.50) occurred within ten minutes at –30 °C, however 
isochroman (3.66) required a full twenty-four hours at ambient temperature to reach completion.  
 
 
Scheme 3.8 Relative Rates of Cation Formation for Isochromene 3.50 versus Isochroman 3.66 
 
 Silyl derivative 3.52 reacted with similar yields as parent compound 3.9. Coupling 
product 3.63 has the ability to undergo further modification through peroxide mediated 
oxidation132,133 or palladium meditated cross-coupling at the four position.134 We tried to apply 
our oxidative coupling procedure to other benzopyrans that can undergo secondary reactions. 
However, all attempts to oxidize benzopyrans substituted at the four position with silyl enol 
ethers or vinyl acetates unfortunately resulted in ene-one formation (Figure 3.7).    
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Figure 3.7 Ene-one Formation for DDQ Oxidation of Benzopyran 3.68 
 
There was success in forming spiro compound 3.64 with a yield of 93% by exposing 
benzopyran 3.53 to the oxidative conditions. It was hypothesized that one could reoxidize a few 
of the compounds synthesized during the nucleophile scope investigation and perform another 
bimolecular bond forming reaction. Interestingly, no isolation of the desired product was seen 
when compound 3.11 was reoxidized and a nucleophile was introduced to the reaction mixture.  
The starting material possibly could decompose to form cation 3.13 and allyl radical 3.73 (Figure 
3.8). Previous studies performed by Floreancig and coworkers concluded that DDQ removes an 
electron to form a radical cation before removing hydrogen.29 Radical cation 3.72 has the option 
to fragment to create a stable cation and radical. This unproductive pathway rendered quaternary 
carbon formation unlikely without further optimization.  
 
 
Figure 3.8 Unproductive Pathway During Reoxidation of Benzopyran 3.10 
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3.5 DETERMINATION OF STEREOCONTROL FOR PROCHIRAL 
NUCLEOPHILES 
The stereochemical outcome observed when allylic silane 3.17 and 3.18 were added to 
reactive cation 3.11 deserves discussion (Table 3.1). The relative stereochemistry of oxidative 
coupling products 3.31 and 3.32 was determined through x-ray crystallography of a derivative. 
Cyano substituted benzopyran 3.49 was selected due to its strong preference to be a solid (Table 
3.2). (E)-crotyl silane (3.20) was synthesized to remove the lengthy carbon chain that prevented 
solidification (Scheme 3.3). The synthesis of 2,4-dinitrophenylhydrazone (DNP-hydrazone) 3.77 
was started by executing a hydroboration oxidation of alkene 3.59 (Scheme 3.9). The resulting 
alcohol was oxidized to the corresponding aldehyde 3.75 using DMP.55 DNP-hydrazone 3.77 
was synthesized through the combination of aldehyde 3.75 and hydrazine 3.76 using traditional 
acidic condensation protocols.  
 
 
Scheme 3.9 Synthesis of Compound 3.77 for X-Ray Crystallography  
 
 X-ray crystallography revealed that the product received using (E)-crotyl silane was 
indeed the syn-isomer (Figure 3.9). This information allowed us to postulate the transition states  
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Figure 3.9 X-Ray Structure of Hydrazone 3.77 
 
the reaction proceeded through when using prochiral allylic silanes. It was well established in the 
chemical literature that allylsilanes react with π-electrophiles in either an antiperiplanar or 
synclinal transition state.139 This led to prediction of the two possible transition states for (E)-
allylic silanes shown in Figure 3.10. It was positioned the hydrogen atom to lie above the 
reactive cation in both cases. The antiperiplanar arrangement in structure 3.79 has a steric 
interaction present from the overlapping methine and methylene moieties. This interaction is 
relieved through the synclinal arrangement shown in transition state 3.78. This configuration 
allows for the larger substituent to be adjacent to the less stericly demanding oxygen atom. Thus, 
a single diastereomer was recovered from the bimolecular reaction. 
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Figure 3.10 Proposed Transition State Using (E)-Allylic Silanes 
 
Next, it was hypothesized about the transition states that arose when using (Z)-allylic 
silanes (Figure 3.11). NMR data from coupling products 3.31 and 3.32 clearly revealed that a 
different diastereomer was recovered when using the opposite olefin isomer. The two possible 
transition states were constructed with the hydrogen atom positioned above the aromatic ring 
system. Both synclinal arrangement 3.82 and antiperiplanar arrangement 3.83 were absent of any 
major steric interactions. Therefore it was postulated that there is a slight preference for the 
antiperiplanar orientation that gave rise to the six to one diastereomeric ratio seen.  
 
 
Figure 3.11 Proposed Transition State Using (Z)-Allylic Silanes 
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3.6 CONCLUSIONS 
Herein was reported a novel method to form substituted benzopyrans using an oxidative 
coupling procedure. The substrates were easier to access compared to current methodology due 
to the utilization of C–H bond activation. The scope of nucleophiles and benzopyrans that 
underwent the desired transformation was investigated and research to expand it is occurring 
concurrently. The success of this research has lead to a wide variety of related projects. An 
asymmetric variant is being devoloped and the scope to include other oxidizable heterocycles is 
being explored. Additionally, future plans include showcasing the versatility of the reaction 
through the total synthesis of a natural product.   
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APPENDIX A 
LACTODEHYDROTHYSIFEROL (SUPPORTING INFORMATION) 
General Experimental Proton (1H NMR) and carbon (13C NMR) nuclear magnetic resonance 
spectra were recorded on Bruker Avance 300 spectrometer at 300 MHz and 75 MHz, Bruker 
Avance 400 spectrometer at 400 MHz and 100 MHz, and Bruker Avance 600 spectrometer at 
600 MHz and 150 MHz, respectively. The chemical shifts are given in parts per million (ppm) on 
the delta (δ) scale. The solvent peaks was used as a reference value, for 1H NMR: CDCl3 = 7.27 
ppm, for 13C NMR: CDCl3 = 77.0. Some of the NMR spectra contain tetramethylsilane. Data are 
reported as follows: (s = singlet; d = doublet; t = triplet, q = quartet; dd = doublet of doublets; 
ddd = doublet of doublet of doublets; dt = doublet of triplet; br = broad; app = apparently). High 
resolution and low resolution mass spectra were recorded on a VG 7070 spectrometer using 
electron ionization (EI) or electron spray ionization (ESI). Infrared (IR) spectra were collected on 
a Mattson Cygnus 100 spectrometer. Samples for IR were prepared as a thin film on a NaCl plate 
by dissolving the compound in CH2Cl2 and then evaporating the CH2Cl2. Optical rotations were 
measured on a Perkin-Elmer 241 polarimeter with sodium lamp at ambient temperature as 
follows: [a]λ (c, g/100 mL). Tetrahydrofuran and diethyl ether were dried by passage through an 
activated alumina column under positive N2 pressure. Methylene chloride, acetonitrile, 
 84 
hexamethylphosphoramide, and benzene were distilled under N2 from CaH2. Analytical TLC 
was performed on E. Merck pre-coated (25 nm) silica gel 60F-254 plates. Visualization was done 
under UV light (254 nm). Flash chromatography was done using ICN SiliTech 32-63 60 Å silica 
gel. Reagent grade ethyl acetate, diethyl ether, pentane and hexanes (commercial mixture) were 
purchased from EM Science and used as is for chromatography. All reactions were performed in 
oven or flame-dried glassware under a positive pressure of N2 with magnetic stirring unless 
otherwise noted. Alkyllithium reagents were titrated using menthol and the indicator 2,2-
dipyridyl in THF prior to use. 
 
(E)-1-Chloro-3,7-dimethylocta-2,6-diene (2.77): To a solution of N-
chlorosuccinimide (0.952 g, 7.13 mmol) in CH2Cl2 (31.0 mL) at –30 °C 
was added dimethyl sulfide (0.58 mL, 7.78 mmol) dropwise. The solution was warmed to 0 °C 
and continued to be stirred. After 10 min, the reaction was cooled to –40 °C and geraniol (2.55) 
(1.00 g, 6.48 mmol) in CH2Cl2 (3.40 mL) was added dropwise, and the solution was warmed to 0 
°C. After 2 h, the reaction was warmed to room temperature and stirred for an additional 30 min. 
The solution was washed with brine (15 mL) and the resulting aqueous layer was extracted with 
pentane (2 x 10 mL). The combined organic layers were diluted with pentane (10 mL) and was 
added to the mixture. The mixture was washed with brine (2 x 10 mL) and then dried over 
MgSO4. The solution was concentrated and placed under vacuum to yield a pale yellow liquid 
(1.12 g, 100%). The product was used without further purification: 1H-NMR (CDCl3, 300 MHz) 
δ 5.46 (td, J = 8.1, 1.2 Hz, 1H), 5.09 (m, 1H), 4.11 (d, J = 8.1 Hz, 2H), 2.04-2.14 (m, 4H), 1.74 
(d, J = 0.9 Hz, 3H), 1.69 (s, 3H), 1.62 (s, 3H). These data are consistent with literature values.140 
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(E)-Methyl 2-acetyl-5,9-dimethyldeca-4,8-dienoate (2.78): To a 
suspension of NaH (3.57 g, 89.2 mmol) in DMF (84.5 mL) was 
added methyl acectoacetate (9.93 mL, 92.1 mmol) dropwise at ambient temperature. After 
stirring for 30 min, crude chloride 2.77 (5.13 g, 29.7 mmol) in DMF (5.12 mL) was added 
dropwise and the reaction continued to stir overnight. The reaction mixture was quenched with 
H2O (125 mL) and extracted with ethyl acetate (3 x 200 mL). The organic layer was washed with 
H2O (3 x 200 mL), dried over MgSO4, and concentrated under vacuum. The mixture was 
purified using flash chromatography (4% to 10% ethyl acetate in hexanes) to obtain the desired 
β-keto-ester (6.41 g, 86%): 1H-NMR (CDCl3, 300 MHz) δ 5.01-5.05 (m, 2H), 3.73 (s, 3H), 3.47 
(t, J = 7.8 Hz, 1H), 2.57 (dd, J = 7.5, 7.5 Hz, 2H), 2.33 (s, 3H), 1.98-2.06 (m, 4H), 1.68 (s, 3H), 
1.63 (s, 3H), 1.60 (s, 3H). These data are consistent with literature values.141 
 
(E)-6,10-Dimethylundeca-5,9-dien-2-one (2.79): To a solution of 
2.0 M KOH (527 mL) and ethanol (88.6 mL) at room temperature 
was added β-keto-esterate 2.78 (20.9 g, 82.8 mmol). The reaction stirred for 1.5 h and then was 
acidified using 5.0 M HCl. The reaction was extracted with diethyl ether (3 x 250 ml), dried over 
MgSO4, and concentrated under vacuum. The crude mixture was taken up in benzene (200 mL) 
and heated to reflux for 2 h. The reaction was cooled and concentrated under vacuum before the 
mixture was purified using flash chromatography (4% to 8% ethyl acetate in hexanes) to isolate 
the methyl ketone (15.9 g, 99%): 1H-NMR (CDCl3, 300 MHz) δ 5.06-5.10 (m, 2H), 2.47 (t, J = 
7.2 Hz, 2H), 2.27 (q, J = 7.2 Hz, 2H), 2.15 (s, 3H), 1.96-2.08 (m, 4H), 1.68 (d, J = 0.9 Hz, 3H), 
1.62 (s, 3H), 1.60 (s, 3H). These data are consistent with literature values.142 
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(E)-6,10-Dimethylundeca-5,9-dien-1-yne (2.80): To a solution of 
2,2,6,6-tetramethylpiperidine (5.32 g, 31.5 mmol) in THF (57.5 mL) at –78 °C was added a 
solution of 1.6 M n-butyllithium in hexanes (19.3 mL, 30.9 mmol). The reaction was warmed to 
0 °C and stirred for 30 min and then cooled back down to –78 °C. A solution of ketone 2.79 
(5.57 g, 28.7 mmol) in THF (10.6 mL) was added dropwise to the mixture and continued to stir 
for 1 h. Chlorodiethylphosphate (4.55 mL, 31.5 mmol) was added and the reaction was warmed 
to ambient temperature. In a separate flask, a solution of 2,2,6,6-tetramethylpiperidine (10.1 g, 
60.1 mmol) in THF (69.0 mL) at –78 °C was prepared. To this flask was added a solution of 1.6 
M n-butyllithium in hexanes (37.3 mL, 59.6 mmol) and then warmed to 0 °C. After 30 min the 
flask was cooled back to –78 °C. The original mixture containing the enol phosphate was added 
dropwise to the second reaction flask via cannulation. The reaction warmed to ambient 
temperature slowly over the next 3 h. The solution was quenched with H2O (300 mL) and 1.0 M 
HCl (48 mL). The aqueous layer was extracted with pentane (3 x 300 mL).   The organic layer 
was washed with 1.0 M HCl (3 x 120 mL), H2O (120 mL), a saturated solution of sodium 
bicarbonate (2 x 120 mL), and a saturated solution of sodium chloride (90 mL). The solution was 
dried over MgSO4 and concentrated under vacuum. A silica plug was run (10% diether ethyl in 
pentane) to obtain the alkyne (3.30 g, 65%): 1H-NMR (CDCl3, 300 MHz) δ 5.17-5.21 (m, 1H), 
5.08-5.13 (s, 1H), 2.17-2.28 (m, 4H), 1.96-2.13 (m, 4H), 1.94 (t, J = 2.1 Hz, 1H), 1.69 (s, 3H), 
1.63 (s, 3H), 1.61 (s, 3H). These data are consistent with literature values.86 
 
(E)-6,10-Dimethylundeca-5,9-dien-1-yne (2.80): To THF (106 
mL) at 0 °C was added 1.31 M n-butyllithium in hexanes (17.6 mL, 23.1 mmol) followed by 1-
TMS-propyne (3.00 g, 26.7 mmol). After stirring for 1.5 h the reaction was cooled to –78 °C. In 
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a separate flask, geranyl chloride (2.77) (3.08 g, 17.8 mmol) was disolved in THF (92 mL) and 
cooled to –78 °C. The geranyl chloride solution was added via cannulation dropwise to the flask 
containing the 1-TMS-propynyl lithium. After stirring for 2 h the reaction was quenched with 1.0 
M TBAF in THF (26.7 mL, 26.7 mmol). The reaction was allowed to warm to rt, then was 
washed with H2O (150 mL) and a saturated solution of NaCl (150 mL). The reaction mixture 
was concentrated dried using MgSO4 and concentrated. The residue was purified by flash 
chromatography (2% ethyl ether in pentane) to obtain the terminal alkyne (2.76 g, 88%): 1H 
NMR (CDCl3, 300 MHz) δ 5.17-5.20 (m, 1H), 5.08-5.13 (s, 1H), 2.19-2.28 (m, 4H), 1.98-2.13 
(m, 2H), 1.95 (t, J = 2.4 Hz, 1H), 1.69 (d, J = 0.9 Hz, 3H), 1.63 (s, 3H), 1.61 (s, 3H).   These data 
are consistent with literature values.86 
 
(R,E)-2,6-Dimethylundec-6-en-10-yne-2,3-diol (2.81): To a 
solution of H2O (78 mL) and tert-butyl alcohol (78 mL) was 
added AD mix β (18.6 g) and CH3SO2NH2 (1.27 g, 13.3 mmol) at rt. The mixture was stirred for 
5 min and then was cooled to 0 °C. Diene 2.80 (2.34 g, 13.3 mmol) was added dropwise. The 
reaction stirred overnight and was quenched with sodium sulfite (9.36 g) in H2O (93.6 mL). The 
mixture was stirred for 5 min and then was extracted with ethyl acetate (4 x 250 mL). The 
organic layer was dried over MgSO4, concentrated, and purified by flash chromatography (30% 
to 50% ethyl acetate in hexanes) to yield the desired diol (1.48 g, 53%): 1H NMR (CDCl3, 300 
MHz) δ 5.26 (m, 1H), 3.37 (d, J = 10.5 Hz, 1H), 2.20-2.31 (m, 4H), 2.06-2.15 (m, 2H), 1.95 (t, J 
= 2.4 Hz, 1H), 1.65 (s, 3H), 1.56-1.61 (m, 1H), 1.36-1.49 (m, 1H), 1.21 (s, 3H), 1.16 (s, 3H); 13C 
NMR (CDCl3, 75 MHz) δ 136.7, 123.2, 84.4, 78.1, 73.0, 68.3, 36.7, 29.5, 27.0, 26.4, 23.3, 18.8, 
 88 
16.0; IR (neat): 3405, 3307, 2971, 2925, 2855, 1449, 1382, 1160, 1076 cm-1; HRMS (ESI) m/z 
calcd for C13H22O2Na [M+Na]+ 233.1517, found 233.1497; [α]D = +27.0 (c 1.05, CHCl3). 
 
(S)-1-((2R,5R)-Tetrahydro-5-(2-hydroxypropan-2-yl)-2-
methylfuran-2-yl)pent-4-yn-1-ol (2.83): To a solution of alkene 
2.81 (1.47 g, 7.00 mmol) in acetonitrile/dimethoxymethane (102 mL, 1:2, v/v) at 0 °C was added 
Bu4NHSO4 (95 mg, 0.28 mmol), Shi ketone 2.82 (0.542 g, 2.10 mmol), and 0.500 M Na2B4O7 in 
0.4 mM Na2(EDTA) (68.0 mL). Once the reaction mixture reached 0 °C (internal temperature), 
Oxone (6.45 g, 10.5 mmol) in 0.4 mM Na2(EDTA) (38.2 mL) and K2CO3 (6.35 g, 45.9 mmol) 
in H2O (38.2 mL) were added simultaneously but separately via a syringe pump over 2 h. The 
reaction was quenched with H2O (60 mL) and extracted with CH2Cl2 (3 x 40 mL). The combined 
organic layers were dried over MgSO4 and concentrated. The crude epoxy-alcohol was disolved 
in toluene (320 mL) and cooled to 0 °C. To the solution was added CSA•pyr (0.218 g, 0.700 
mmol) and the reaction was allowed to stir for an additional 45 min. The reaction was quenched 
with triethylamine (15 mL) and concentrated under vacuum. Purification by flash 
chromatography (20% to 50% ethyl acetate in hexanes) provided the desired compound (1.31 g, 
83%) with a slight impurity (13:1) being a diastereomer of the product. Final purification with an 
Analogix IntelliFlash 280 MPLC using an Analogix SF65-200g Sepra Si50 column and a flow 
rate of 100 mL/min and a gradient of 10% to 35% EtOAc in hexanes led to the isolation of pure 
2.83: 1H NMR (CDCl3, 300 MHz) δ 3.78 (dd, J = 10.2, 6.0 Hz, 1H), 3.69 (dt, J = 10.5, 4.2 Hz, 
1H), 2.35-2.46 (m, 2H), 1.83-2.13 (m, 4H), 1.65-1.73 (m, 1H), 1.49-1.60 (m, 2H), 1.23 (s, 3H), 
1.17 (s, 3H), 1.14 (s, 3H); 13C NMR (CDCl3, 75 MHz) δ 87.1, 85.4, 84.0, 74.7, 70.6, 68.3, 31.2, 
30.3, 26.8, 26.5, 23.4, 23.3, 15.3; IR (neat) 3418, 3306, 2973, 2932, 2873, 1454, 1377, 1175, 
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1086, 942 cm-1; HRMS (EI) m/z calcd for C12H19O3 [M-CH3]+ 211.1334, found 211.1330; [α]D = 
–9.91 (c 1.07, CHCl3). 
 
(R)-((R,E)-2-Hydroxy-2,6-dimethylundec-6-en-10-yn-3-yl) 
3,3,3-trifluoro-2-methoxy-2-phenylpropanoate (2.85): A 
solution of diol 2.81 (3.3 mg, 15.7 µmol) and (R)-(+)-methoxy 
thrifluoromethyl phenylacetic acid (2.84) (11.0 mg, 47.1 µmol) in CH2Cl2 (0.3 mL) at 0 °C was 
treated with DCC (16.2 mg, 78.5 µmol) and DMAP (1.9 mg, 15.7 µmol). The mixture was 
stirred at room temperature for 3 h, and TLC showed the diol disappeared. The solvent was 
removed under reduced pressure. Crude material was used for 19F NMR spectrum. 19F NMR 
(376 MHz, CDCl3) δ –70.59 (minor), –70.84 (major). After this, the ester was purified by 
preparative TLC, eluting with 25% ethyl acetate in hexanes to give (R)-MTPA ester (6.3 mg, 
94%): 1H NMR (400 MHz, CDCl3) δ 7.65-7.63 (m, 2H), 7.44-7.40 (m, 3H), 5.13-5.09 (m, 1H), 
5.00 (dd, J = 10.0, 2.2 Hz, 1H), 3.58 (d, J = 1.2 Hz, 3H), 2.25-2.18 (m, 4H), 1.95 (app t, J = 
2.3Hz, 1H), 1.91-1.87 (m, 2H), 1.72 (dddd, J = 14.2, 9.2, 7.1, 2.3 Hz, 1H), 1.65-1.57 (m, 1H), 
1.55 (d, J = 0.6 Hz, 3H), 1.49 (s, 1H), 1.23 (s, 3H), 1.17 (s, 3H). 
 
(S)-((R,E)-2-Hydroxy-2,6-dimethylundec-6-en-10-yn-3-yl) 
3,3,3-trifluoro-2-methoxy-2-phenylpropanoate (2.87): A 
solution of diol 2.81 (3.3 mg, 15.7 µmol) and (S)-(–)-methoxy 
trifluoromethyl phenylacetic acid (2.86) (11.0 mg, 47.1 µmol) in CH2Cl2 (0.3 mL) at 0 °C was 
treated with DCC (16.2 mg, 78.5 µmol) and DMAP (1.9 mg, 15.7 µmol). The mixture was 
stirred at room temperature for 3 h, and TLC showed the diol disappeared. The solvent was 
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removed under reduced pressure. Crude material was used for 19F NMR spectrum. 19F NMR 
(376 MHz, CDCl3) δ –70.56 (major), –70.82 (minor). After this, the ester was purified by 
preparative TLC, eluting with 25% ethyl acetate in hexanes to give (S)-MTPA ester (6.2 mg, 
92%): 1H NMR (400 MHz, CDCl3) δ 7.63-7.61 (m, 2H), 7.43-7.42 (m, 3H), 5.16 (t, J = 6.5 Hz, 
1H), 5.01 (dd, J = 9.8, 2.2 Hz, 1H), 3.59 (s, 3H), 2.27-2.19 (m, 4H), 2.03-1.98 (m, 2H), 1.94 (app 
t, J = 2.0 Hz, 1H), 1.82 (dddd, J = 14.3, 9.4, 7.3, 2.2 Hz, 1H), 1.73-1.65 (m, 1H), 1.60 (s, 3H), 
1.48 (s, 1H), 1.18 (s, 3H), 1.14 (s, 3H). 
 
(R)-((S)-1-((2R,5R)-5-(2-Hydroxypropan-2-yl)-2-
methyltetrahydrofuran-2-yl)pent-4-ynyl) 3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate (2.88): To a solution of diol 2.83 
(10.0 mg, 0.044 mmol) in CH2Cl2 (0.40 mL) at ambient temperature was treated with (R)-(+)-
methoxy trifluoromethyl phenylacetic acid (2.84) (31.0 mg, 0.133 mmol), DCC (45.4 mg, 0.220 
mmol), and DMAP (5.3 mg, 0.044 mmol). After stirring for 1 h the reaction was at completion. 
The complete reaction mixture was purified using flash chromatography (10% to 30% ethyl 
acetate in hexanes) to yield the desired Mosher ester (14.0 mg, 72%): 1H NMR (CDCl3, 500 
MHz) δ 7.56-7.58 (m, 2H), 7.42-7.44 (m, 3H), 5.21 (dd, J = 9.0, 3.0 Hz, 1H), 3.71 (dd, J = 8.5, 
6.0 Hz, 1H), 3.55 (d, J = 1.0 Hz, 3H), 2.16-2.29 (m, 2H), 2.04-2.10 (m, 1H), 2.00 (t, J = 2.5 Hz, 
1H), 1.80-1.89 (m, 4H), 1.59-1.63 (m, 1H), 1.18 (s, 3H), 1.16 (s, 3H), 1.09 (s, 3H). 
 
(S)-((S)-1-((2R,5R)-5-(2-Hydroxypropan-2-yl)-2-
methyltetrahydrofuran-2-yl)pent-4-ynyl) 3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate (2.89): To a solution of (S)-(–)-
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methoxy trifluoromethyl phenylacetic acid (2.86) (36.0 mg, 0.154 mmol) in CH2Cl2 (0.20 mL) 
was added oxalyl chloride (16.8 mg, 0.133 mmol) and one drop of DMF. The reaction stirred for 
one hour and then was added to a flask containing diol 2.83 (10.0 mg, 0.044 mmol), DMAP 
(cat.), triethylamine (44.5 mg, 0.440 mmol) in CH2Cl2 (0.20 mL). The reaction mixture stirred 
overnight and then was concentrated under vacuum. The residue was purified by flash 
chromatography to obtain the desired Mosher ester (12.3 mg, 63%): 1H NMR (CDCl3, 500 MHz) 
δ 7.56-7.58 (m, 2H), 7.42-7.44 (m, 3H), 5.25 (dd, J = 9.5, 3.0 Hz, 1H), 3.72 (dd, J = 9.5, 6.5 Hz, 
1H), 3.54 (s, 3H), 2.19-2.24 (m, 1H), 2.09-2.16 (m, 1H), 2.01-2.05 (m, 1H), 1.99 (t, J = 2.0 Hz, 
1H), 1.75-1.96 (m, 4H), 1.66 (ddd, J = 11.5, 7.0, 3.0 Hz, 1H), 1.20 (s, 3H), 1.20 (s, 3H), 1.10 (s, 
3H). 
 
(R)-((R)-1-((2S,5R)-5-(2-Hydroxypropan-2-yl)-2-
methyltetrahydrofuran-2-yl)pent-4-ynyl) 3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate (2.91): A solution of the minor 
product 2.90 from the epoxidation/cyclization (8.5 mg, 0.038 mmol) in CH2Cl2 (0.20 mL) at 
ambient temperature was treated with (R)-(+)-methoxy trifluoromethyl phenylacetic acid (2.84) 
(26.4 mg, 0.113 mmol), DCC (39.2 mg, 0.190 mmol), and DMAP (4.6 mg, 0.038 mmol). After 
stirring for 1 h the reaction was at completion. The complete reaction mixture was purified using 
flash chromatography (10% to 30% ethyl acetate in hexanes) to yield the desired Mosher ester 
(12.8 mg, 76%): 1H NMR (CDCl3, 500 MHz) δ 7.56-7.58 (m, 2H), 7.42-7.44 (m, 3H), 5.24 (dd, 
J = 9.0, 2.5 Hz, 1H), 3.83 (dd, J = 8.0, 6.0 Hz, 1H), 3.55 (d, J = 1.0 Hz, 3H), 2.19-2.24 (m, 1H), 
2.02-2.06 (m, 1H), 2.03 (t, J = 2.5 Hz, 1H), 2.01 (s, 1H) 1.76-1.97 (m, 5H), 1.61-1.66 (m, 1H), 
1.24 (s, 3H), 1.20 (s, 3H), 1.14 (s, 3H). 
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(S)-((R)-1-((2S,5R)-5-(2-Hydroxypropan-2-yl)-2-
methyltetrahydrofuran-2-yl)pent-4-ynyl) 3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate (2.92): A solution of the minor 
product 2.60 from the epoxidation/cyclization (8.5 mg, 0.038 mmol) 
in CH2Cl2 (0.20 mL) at ambient temperature was treated with (S)-(–)-methoxy trifluoromethyl 
phenylacetic acid (2.86) (26.4 mg, 0.113 mmol), DCC (39.2 mg, 0.190 mmol), and DMAP (4.6 
mg, 0.038 mmol). After stirring for 1 h the reaction was at completion. The complete reaction 
mixture was purified using flash chromatography (10% to 30% ethyl acetate in hexanes) to yield 
the desired Mosher ester (13.2 mg, 79%): 1H NMR (CDCl3, 500 MHz) δ 7.56-7.58 (m, 2H), 
7.42-7.43 (m, 3H), 5.20 (dd, J = 9.0, 3.5 Hz, 1H), 3.81 (dd, J = 8.5, 6.0 Hz, 1H), 3.54 (d, J = 1.0 
Hz, 3H), 2.30-2.36 (m, 1H), 2.08-2.22 (m, 2H), 2.05 (t, J = 2.5 Hz, 1H), 2.01 (s, 1H) 1.79-1.95 
(m, 4H), 1.55-1.60 (m, 1H), 1.22 (s, 3H), 1.16 (s, 3H), 1.13 (s, 3H). 
 
(1S)-1-((2R,5R)-5-(2-((Triethylsilyl)oxy)propan-2-yl)-2-
methyloxolan-2-yl)-1-((triethylsilyl)oxy)pent-4-yne (2.58): To 
a solution of diol 2.83 (1.21 g, 5.35 mmol) in DMF (29.6 mL) at 0 °C was added imidazole (1.27 
g, 18.7 mmol), TESCl (2.25 mL, 13.4 mmol), and DMAP (0.033 g, 0.268 mmol). The reaction 
was allowed to slowly warm to rt and continued stirring overnight. The mixture was cooled to 0 
°C and quenched with H2O (60 mL). The resulting solution was extracted with diethyl ether (3 x 
60 mL), dried  over MgSO4, and concentrated. The residue was purified by flash 
chromatography (2% ethyl acetate in hexanes) to yield the bis-silyl-protected alkyne (2.17 g, 
89%):  1H NMR (CDCl3, 400 MHz) δ 3.66 (d, J = 8.8 Hz, 1H), 3.65 (dd, J = 8.8, 1.6 Hz, 1H), 
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2.34 (m, 1H), 2.25 (m, 1H), 1.75-1.99 (m, 4H), 1.94 (t, J = 2.8 Hz, 1H), 1.54 (m, 2H), 1.19 (s, 
3H), 1.17 (s, 3H), 1.09 (s, 3H), 0.97 (t, J = 8.0 Hz, 9H), 0.96 (t, J = 8.0 Hz, 9H), 0.64 (q, J = 8.0 
Hz, 6H), 0.56 (q, J = 8.0 Hz, 6H); 13C NMR (CDCl3, 100 MHz) δ 87.1, 85.6, 84.4, 76.1, 74.0, 
68.2, 34.3, 32.6, 27.9, 26.2, 25.5, 22.5, 15.6, 7.1, 7.1, 6.8, 5.4; IR (neat) 3313, 2956, 2911, 2876, 
1460, 1238, 1101, 1040, 739 cm-1; HRMS (ESI) m/z calcd for C25H50O3Si2Na [M+Na]+ 
477.3196, found 477.3186; [α]D = –4.10 (c 1.39, CHCl3). 
 
(1S)-1-((2R,5R)-5-(2-((Triethylsilyl)oxy)propan-2-yl)-2-
methyloxolan-2-yl)-4-iodo-1-((triethylsilyl)oxy)pent-4-ene 
(2.51): To a solution of alkyne 2.58 (2.17 g, 4.76 mmol) and [CpRu(MeCN)3]PF6 (42 mg, 0.095 
mmol) in CH2Cl2 (9.0 mL) at 0 °C was added triethylsilane (0.91 mL, 5.7 mmol). After stirring 
for 2 h the reaction mixture was concentrated and run through a small silica plug using hexanes 
as the eluent. The filtrate was concentrated and disolved in CH2Cl2 (9.0 mL). To the solution was 
added 2,6-lutidine (0.67 mL, 5.72 mmol) and I2 (3.62 g, 14.3 mmol). After stirring for 1 h the 
reaction was quenched with triethylamine (3 mL) and a saturated solution of sodium thiosulfate 
(9 mL). After 20 min the reaction mixture was extracted with CH2Cl2 (3 x 15 mL), dried over 
MgSO4, and concentrated. The mixture was purified by flash chromatography (1% to 3% ethyl 
acetate in hexanes) to obtain the desired vinyl iodide (2.29 g, 82%): 1H NMR (CDCl3, 400 MHz) 
δ 6.04 (d, J = 1.2 Hz, 1H), 5.69 (d, J = 1.2 Hz, 1H), 3.63 (dd, J = 9.2, 6.4 Hz, 1H), 3.54 (dd, J = 
7.6, 4.4 Hz, 1H), 2.56 (m, 1H), 2.46 (m, 1H), 1.80-1.98 (m, 4H), 1.56 (m, 2H), 1.19 (s, 3H), 1.17 
(s, 3H), 1.10 (s, 3H), 0.98 (t, J = 8.0 Hz, 9H), 0.96 (t, J = 8.0 Hz, 9H), 0.63 (q, J = 8.0 Hz, 6H), 
0.58 (q, J = 8.0 Hz, 6H); 13C NMR (CDCl3, 100 MHz) δ 125.0, 112.8, 87.2, 85.7, 76.5, 74.0, 
42.6, 34.7, 33.7, 27.8, 26.3, 25.6, 22.4, 7.1, 7.1, 6.8, 5.5; IR (neat) 2956, 2911, 2876, 1460, 1238, 
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1100, 1040, 725 cm-1; HRMS (ESI) m/z calcd for C25H51O3Si2INa [M+Na]+ 605.2319, found 
605.2304; [α]D = +1.78 (c 1.31, CHCl3). 
 
((5E,9Z)-13-(((tert-Butoxy)carbonyl)oxy)-9-
((((tert-butoxy)carbonyl)oxy)methyl)-2-methoxy-
5-methyltrideca-5,9-dien-1-yl]benzene (2.93): To a solution diol 2.67 (0.836 g, 2.41 mmol) in 
toluene (12.8 mL) at 0 °C was added 1-methylimidazole (.397 g, 4.83 mmol) and Boc2O (2.11 g, 
9.65 mmol). The reaction warmed to ambient temperature as it stirred overnight. The reaction 
was quenched with H2O (25 mL) and extracted with CH2Cl2 (3 x 30 mL). The combined organic 
layers were dried over MgSO4 and then concentrated under vacuum. The mixture was purified 
using flash chromatography (5% to 12.5% ethyl acetate in hexanes) to obtain the bis-Boc 
protected diene (0.456 g, 35%): 1H-NMR (CDCl3, 300 MHz) δ 7.18-7.32 (m, 5H), 5.38 (t, J = 
7.5 Hz, 1H), 5.08 (m, 1H), 4.58 (s, 2H), 4.05 (t, J = 6.6 Hz, 2H), 3.34 (m, 1H), 3.31 (s, 3H), 2.85 
(m, 1H), 2.71 (m, 1H), 1.99-2.23 (m, 6H), 2.09 (m, 3H), 1.66-1.76 (m, 4H), 1.51-1.59 (m, 2H), 
1.49 (s, 18H). 
 
(2S,3S)-3-((3Z)-7-(((tert-Butoxy)carbonyl]oxy)-3-
((((tert-butoxy)carbonyl]oxy)methyl)hept-3-en-
1-yl)-2-(3-methoxy-4-phenylbutyl)-2-methyloxirane (2.94): To a solution of diene 2.93 (445 
mg, 0.841 mmol) in acetonitrile/dimethoxymethane (11.9 mL, 1:2, v/v) at 0 °C was added 
Bu4NHSO4 (11.2 mg, 0.033 mmol), (L)-fructose derived Shi ketone (2.82) (63.0 mg, 0.244 
mmol), and 0.500 M Na2B4O7 in 4.00x10-4 M Na2(EDTA) (7.91 mL). Oxone (601 mg, 0.977 
mmol) in 4.00x10-4 M Na2(EDTA) (4.45 mL) and K2CO3 (590 mg, 4.27 mmol) in H2O (4.45 
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mL) were added simultaneously but separately via a syringe pump over 2 h. The reaction was 
stirred at 0 °C for an additional 1 h and then was diluted with H2O (30 mL) and extracted with 
CH2Cl2 (3 x 30 mL). The combined organic layers were dried over MgSO4 and concentrated 
under vacuum. The reaction mixture was purified using flash chromatography (0.5% 
triethylamine, 8% to 16% ethyl acetate in hexanes) to afford the desired monoepoxide (1:1 
mixture of diastereomers) (293 mg, 64%): 1H-NMR (CDCl3, 300 MHz) δ 7.19-7.32 (m, 5H), 
5.43 (t, J = 7.2 Hz, 1H), 4.60 (s, 2H), 4.06 (t, J = 6.6 Hz, 2H), 3.35-3.39 (m, 1H), 3.31 (s, 3H), 
2.82-2.88 (m, 1H), 2.66-2.72 (m, 2H), 2.17-2.26 (m, 4H), 1.41-1.78 (m, 8H), 1.49 (s, 18H), 1.20 
(s, 3H). 
 
(3-((2R,3S)-3-((((tert-
Butoxy)carbonyl)oxy)methyl)-3-(2-((2S,3S)-3-(3-
methoxy-4-phenylbutyl)-3-methyloxiran-2-yl)ethyl)oxiran-2-yl)propyl) tert-butyl carbonate 
(2.52): To a solution of alkene 2.94 (285 mg, 0.506 mmol) in acetonitrile/dimethoxymethane 
(7.38 mL, 1:2, v/v) at 0 °C was added Bu4NHSO4 (6.8 mg, 0.020 mmol), (D)-fructose derived 
Shi ketone (2.69) (105 mg, 0.405 mmol), and 0.500 M Na2B4O7 in 4.00x10-4 M Na2(EDTA) 
(4.92 mL). Oxone (1.56 g, 2.53 mmol) in 4.00x10-4 M Na2(EDTA) (4.28 mL) and K2CO3 (1.33 
g, 9.61 mmol) in H2O (4.28 mL) were added simultaneously but separately via a syringe pump 
over 2 h. The reaction was stirred at 0 °C for an additional 2 h and then was diluted with H2O (25 
mL) and extracted with CH2Cl2 (3 x 30 mL). The combined organic layers were dried over 
MgSO4 and concentrated under vacuum. The reaction mixture was purified using flash 
chromatography (0.5% triethylamine, 8% to 20% ethyl acetate in hexanes) to afford the desired 
diepoxide (1:1 mixture of diastereomers) (118 mg, 40%): 1H-NMR (CDCl3, 300 MHz) δ 7.18-
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7.32 (m, 5H), 4.09-4.15 (m, 4H), 3.34-3.36 (m, 1H), 3.31 (s, 3H), 2.84-2.88 (m, 2H), 2.64-2.72 
(m, 2H), 1.41-1.87 (m, 11H), 1.49 (s, 18H), 1.22-1.27 (m, 1H), 1.20 (s, 3H). 
 
tert-Butyl  (3-((5R,6R,8R)-8-((2S)-5-methoxy-2-
methyloxolan-2-yl)-2-oxo-1,3,7-trioxaspiro[4.5]decan-6-
yl)propyl) carbonate (2.95): To a solution of diepoxide 
2.52 (85.0 mg, 0.147 mmol) in dichloroethane/toluene (4.77 mL, 5:1, v/v) was added activated 
4Å molecular sieves (170 mg), anhydrous sodium thiosulfate (170 mg), sodium acetate (170 
mg), and N-methylquinolinium hexafluorophosphate (21.1 mg, 0.073 mmol) at room temperature 
in a borosilicate flask. The mixture was photoirradiated with gentle air bubbling for 5 h while 
stirring. The mixture was filtered through a small silica plug (100% ethyl acetate) to remove the 
insoluble inorganic material and the collected filtrate was concentrated under vacuum. The 
mixture was purified using flash chromatography (20% to 35% ethyl acetate in hexanes) to 
obtain the wanted lactol (1:1 mixture of diastereomers) (21.8 mg, 34%): 1H NMR (CDCl3, 300 
MHz) δ 7.61-7.68 (m, 4H), 7.36-7.46 (m, 6H), 4.95 (m, 1/2 H), 4.92 (t, J = 2.7 Hz, 1/2 H), 4.51 
(s, 1/2 H), 4.49 (s, 1/2 H), 4.07 (dd, J = 9.0, 3.3 Hz, 1H), 3.84-4.00 (m, 1H), 3.68 (t, J = 6.3 Hz, 
2H), 3.41 (m, 1H), 3.32 (s, 1.5H), 3.30 (s, 1.5H), 1.57-2.16 (m, 10H), 1.26-1.48 (m, 2H), 1.24 (s, 
1.5H), 1.09 (s, 1.5H), 1.06 (s, 9H); 13C NMR (CDCl3, 75 MHz) δ 154.1, 154.0, 135.4, 133.6, 
133.6, 133.5, 129.5, 129.4, 127.5, 105.5, 105.4, 84.6, 84.4, 83.5, 82.4, 80.5, 80.4, 80.2, 80.0, 
69.4, 63.1, 54.4, 54.0, 34.4, 34.3, 34.1, 32.8, 32.3, 31.9, 28.3, 26.7, 24.1, 24.1, 23.9, 23.5, 20.8, 
19.1; IR (neat) 3070, 2933, 2858, 1809, 1460, 1335, 1209, 1066, 735 cm-1; HRMS (ESI) m/z 
calcd for C32H44O7NaSi [M+Na]+ 591.2754, found 591.2786; [α]D = +4.45 (c 1.09, CHCl3). 
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1-(tert-Butyldiphenylsiloxy)pent-4-yne (2.100): To a solution of pent-
4-yn-1-ol (2.99) (2.50 g, 29.7 mmol) in CH2Cl2 (60 mL) at 0 °C was added imidazole (2.63 g, 
38.6 mmol) followed by dropwise addition of TBDPSCl (8.21 mL, 32.1 mmol). After stirring for 
1 h the reaction was quenched with H2O (60 mL) and was extracted with CH2Cl2 (3 x 50 mL). 
The combined organic layers were dried over Na2SO4 and concentrated. The residue was purified 
by flash chromatography (2% to 10% ethyl acetate in hexanes) to yield the silyl ether (9.59 g, 
100%): 1H NMR (CDCl3, 300 MHz) δ 7.67-7.69 (m, 4H), 7.36-7.44 (m, 6H), 3.76 (t, J = 6.0 Hz, 
2H), 2.36 (td, J = 7.2, 2.7 Hz, 2H), 1.93 (t, J = 2.7 Hz, 1H), 1.79 (m, 2H), 1.06 (s, 9H). These 
data are consistent with literature values.143 
 
6-(tert-Butyldiphenylsiloxy)hex-2-yn-1-ol (2.101): To a solution 
of alkyne 2.100 (9.58 g, 29.7 mmol) in THF (118 mL) at –78 °C was added a 1.6 M solution of 
n-butyllithium in hexanes (22.3 mL, 35.7 mmol) dropwise. After stirring for 1.5 h, 
paraformaldehyde (1.78 g, 59.4 mmol) was added and the reaction was warmed to rt. The 
reaction mixture was stirred overnight and then was quenched with a saturated solution of 
ammonium chloride (100 mL) and H2O (100 mL).  The mixture was extracted with diethyl ether 
(3 x 125 mL), dried over Na2SO4, and concentrated. The reaction was purified by flash 
chromatography (10% to 25% ethyl acetate in hexanes) to obtain the propargyl alcohol (9.89 g, 
94%): 1H NMR (CDCl3, 300 MHz) δ 7.67-7.70 (m, 4H), 7.36-7.44 (m, 6H), 4.21 (dt, J = 6.0, 2.4 
Hz, 2H), 3.75 (t, J = 6.0 Hz, 2H), 2.38 (tt, J = 7.2, 2.1 Hz, 2H), 1.77 (m, 2H), 1.39 (t, J = 6.0 Hz, 
1H), 1.06 (s, 9H). These data are consistent with literature values.144 
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(E)-6-(tert-Butyldiphenylsiloxy)-2-iodohex-2-en-1-ol (2.102): To a 
solution of alkyne 2.101 (11.2 g, 31.9 mmol) and Pd(PPh3)4 (0.737 g, 
0.638 mmol) in dry, degassed benzene (132 mL) at rt was added tributyltin hydride (8.45 mL, 
31.9 mmol) dropwise. After 1 h the mixture was concentrated and run through a small silica plug 
using CH2Cl2. The filtrate was concentrated and dissolved in CH2Cl2 (300 mL). A solution of I2 
(8.90 g, 35.1 mmol) in CH2Cl2 (200 mL) was added via cannulation. After stirring for an 
additional 30 min, the reaction mixture was quenched with a saturated solution of sodium 
thiosulfate (300 mL) and was extracted with CH2Cl2 (3 x 200 mL). The combined organic layers 
were dried over Na2SO4, concentrated under vacuum, and purified by flash chromatography (5% 
to 15% ethyl acetate in hexanes) to yield the vinyl iodide (12.8 g, 83%): 1H-NMR (CDCl3, 300 
MHz) δ 7.68-7.73 (m, 4H), 7.40-7.50 (m, 6H), 6.34 (t, J = 7.8 Hz, 1H), 4.26 (d, J = 6.6 Hz, 2H), 
3.71 (t, J = 6.0 Hz, 2H), 2.31 (q, J = 7.5 Hz, 2H), 2.20 (t, J = 6.6 Hz, 1H), 1.63 (m, 2H), 1.11 (s, 
9H); 13C NMR (CDCl3, 75 MHz) δ 143.1, 135.7, 133.8, 129.9, 127.9, 103.1, 65.2, 62.7, 31.7, 
27.5, 27.1, 19.3; IR (neat) 3391, 3070, 3048, 2931, 2858, 1470, 1427, 1389, 1109, 1045 cm-1; 
HRMS (EI) m/z calcd for C22H30O2SiI [M+H]+ 481.1060, found 481.1051. 
 
(E)-6-(tert-Butyldiphenylsiloxy)-1-(triethylsiloxy)-2-iodohex-2-ene 
(2.98): To a solution of alcohol 2.102 (10.9 g, 22.7 mmol) in CH2Cl2 
(240 mL) at room temperature was added imidazole (2.56 g, 37.7 mmol). Once all solids were 
dissolved, TESCl (5.06 mL, 30.2 mmol) was added dropwise and the reaction was stirred for 1 h. 
The reaction was quenched with H2O (200 mL), extracted with CH2Cl2 (3 x 150 mL), and dried 
over MgSO4 and concentrated under vacuum. The mixture was purified using flash 
chromatography (1% to 5% ethyl acetate in hexanes) to generate the silyl protected alcohol (13.1 
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g, 97%): 1H-NMR (CDCl3, 300 MHz) δ 7.68-7.71 (m, 4H), 7.39-7.49 (m, 6H), 6.32 (t, J = 7.8 
Hz, 1H), 4.28 (s, 2H), 3.70 (t, J = 6.0 Hz, 2H), 2.31 (q, J = 7.5 Hz, 2H), 1.66 (m, 2H), 1.10 (s, 
9H), 1.03 (m, 9H), 0.69 (q, J =7.5 Hz, 6H); 13C-NMR (CDCl3, 75 MHz) δ 142.4 135.7 134.0, 
129.8, 127.9, 103.3, 65.0, 63.0, 32.1, 27.9, 27.1, 19.4, 7.1, 4.8; IR (neat) 3070, 3049, 2955, 2875, 
1462, 1427, 1239, 1109; HRMS (EI): m/z calcd for C26H38O2Si2I [M-CH2CH3]+ 565.1455, found 
565.1431. 
 
(E)-5-Iodo-4-methylpent-4-en-1-ol (2.103): To a solution of pent-4-yn-1-
ol (2.99) (2.80 g, 33.3 mmol) in 1,2-dichloroethane (28 mL) at 0 °C was added a 2.0 M solution 
of trimethylaluminum in hexanes (5.7 mL, 11 mmol). The mixture was stirred for 20 min. In a 
separate flask containing zirconocene dichloride (3.89 g, 13.3 mmol) in 1,2-dichloroethane (106 
mL) at –20 °C was added a 2.0 M solution of trimethylaluminum in hexanes (50 mL, 100 mmol) 
followed by a slow addition of H2O (0.60 mL, 33 mmol). After stirring for 10 min the mixture 
containing the pent-4-yn-1-ol (2.99) was cannulated over and the mixture was warmed to room 
temperature and stirred for an additional 5 h. The reaction mixture was cooled to –30 °C and a 
solution of I2 (12.7 g, 50.0 mmol) in THF (33.3 mL) was added dropwise. After stirring for 10 
min the reaction mixture was warmed to rt and a saturated solution of K2CO3 (80 mL) was added 
slowly followed by a saturated solution of sodium tartrate (120 mL). The reaction mixture stirred 
for several hours and then was extracted with diethyl ether (3 x 125 mL). The combined organic 
layers were dried over MgSO4 and concentrated under vacuum. Purification by flash 
chromatography (20% to 60% diethyl ether in hexanes) provided the desired vinyl iodide (7.08 g, 
94%): 1H NMR (CDCl3, 300 MHz) δ 5.94 (q, J = 1.2 Hz, 1H), 3.65 (q, J = 5.1 Hz, 2H), 2.32 (td, 
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J = 7.5, 1.2 Hz, 2H), 1.86 (d, J = 1.2 Hz, 3H), 1.67-1.76 (m, 2H), 1.30 (t, J = 5.1 Hz, 1H). These 
data are consistent with literature values.145 
 
(E)-4-Methylhepta-4,6-dien-1-ol (2.104): To a flask containing 
Pd(PPh3)4 (1.80 g, 1.55 mmol) at 0 °C was added vinyl iodide 2.103 (7.02 
g, 31.1 mmol) in dry, degassed toluene (225 mL). After stirring for 20 min, a 1.0 M solution of 
vinyl magnesium bromide in THF (93.3 mL, 93.3 mmol) was added dropwise. The solution was 
stirred for 1 h at 0 °C and then was warmed to rt where it stirred for an additional 30 min. The 
reaction was quenched with a saturated solution of ammonium chloride (125 mL) followed by 
the addition of H2O (250 mL). The mixture was extracted with diethyl ether (3 x 150 mL), dried 
over MgSO4, and concentrated.   The mixture was run through a short silica plug (0% to 20% 
diethyl ether in hexanes). The filtrate was concentrated, and the residue was purified by flash 
chromatography (25% to 55% Et2O in hexanes) to obtain diene (3.58 g, 91%): 1H NMR (CDCl3, 
300 MHz) δ 6.58 (dt, J = 16.8, 10.5 Hz, 1H), 5.90 (d, J = 10.5 Hz, 1H), 5.11 (dd, J = 16.8, 1.8 
Hz, 1H), 5.01 (dd, J = 10.2, 1.8 Hz, 1H), 3.66 (q, J = 6.3 Hz, 2H), 2.15 (t, J = 7.2 Hz, 2H), 1.79 
(s, 3H), 1.68-1.78 (m, 2H), 1.33 (t, J = 4.8 Hz, 1H). These data are consistent with literature 
values.146 
 
(E)-4-Methylhepta-4,6-dienal (2.105): To a solution of oxalyl chloride 
(3.98 mL, 45.7 mmol) in CH2Cl2 (144 mL) at –78 °C was added DMSO 
(6.49 mL, 91.4 mmol) in CH2Cl2 (10 mL) dropwise. The reaction was stirred for 10 min and then 
a solution of alcohol 2.104 (3.20 g, 25.4 mmol) in CH2Cl2 (18 mL) was added. After 30 min 
triethylamine (17.9 mL, 127 mmol) was added. The reaction continued to stir at –78 °C for 30 
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min and then was warmed to rt where it stirred for an addition 30 min. The reaction was 
quenched with H2O (100 mL) and was then washed with 1.0 M HCl (2 x 75 mL), a saturated 
solution of sodium bicarbonate (75 mL), and a saturated solution of sodium chloride (75 mL). 
The reaction was dried over Na2SO4 and concentrated under vacuum at 0 °C. The crude aldehyde 
(3.15 g, 100%) carried to the next step without purification: 1H NMR (CDCl3, 300 MHz) δ 9.79 
(s, 1H), 6.56 (dt, J = 16.8, 10.5 Hz, 1H), 5.87 (d, J = 10.8 Hz, 1H), 5.13 (d, J = 16.8 Hz, 1H), 
5.04 (d, J = 10.2 Hz, 1H), 2.57-2.63 (m, 2H), 2.40 (t, J =  7.2 Hz, 2H), 1.78 (s, 3H). These data 
are consistent with literature values.147 
 
(E)-5-Methyl-1,1-diphenylocta-5,7-dien-2-ol (2.106): To a solution of 
diphenylmethane (45.4 g, 269 mmol) in THF (223 mL) at rt was added 
a solution of 1.6 M n-butyllithium in hexanes (169 mL, 269 mmol). The reaction mixture was 
gently refluxed for 1 h and then cooled to 0 °C. The crude aldehyde 2.105 (8.37 g, 67.4 mmol) in 
THF (20 mL) was added dropwise. After stirring for 1 h the reaction was quenched with a 
saturated solution of ammonium chloride (120 mL) and H2O (1 L). The mixture was extracted 
with diethyl ether (3 x 1600 mL) and the combined organic layers were dried over MgSO4 and 
concentrated. The mixture was purified by flash chromatography (4% to 10% ethyl acetate in 
hexanes) to yield the desired alcohol (16.1 g, 82%): 1H NMR (CDCl3, 300 MHz) δ 7.18-7.50 (m, 
10H), 6.61 (dt, J = 16.8, 10.5 Hz, 1H), 5.90 (d, J = 10.8 Hz, 1H), 5.14 (dd, J = 16.8, 1.8 Hz, 1H), 
5.04 (d, J = 9.9 Hz, 1H), 4.37 (m, 1H), 3.94 (d, J =8.4 Hz, 1H), 2.17-2.40 (m, 2H), 1.73 (s, 3H), 
1.15-1.64 (m, 2H); 13C NMR (CDCl3, 75 MHz) δ 142.4, 141.5, 139.2, 133.3, 128.9, 128.8, 
128.7, 128.3 126.9, 126.6, 125.8, 114.9, 73.4, 58.9, 36.0, 33.0, 16.6; IR (neat) 3560, 3446, 3083, 
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3060, 3027, 2916, 1648, 1598, 1493, 1450, 1418, 1382 cm-1; HRMS (EI) m/z calcd for C21H24O 
[M]+ 292.1827, found 292.1825.  
 
(E)-7-Methoxy-4-methyl-8,8-diphenylocta-1,3-diene (2.97): To a 
solution of alcohol 2.106 (5.25 g, 18.0 mmol) in DMF (108 mL) at 0 °C 
was added sodium hydride (1.80 g, 44.9 mmol) in portions over 10 min. After stirring for 30 
min, iodomethane (3.35 mL, 53.9 mmol) was added and the reaction was warmed to rt where it 
was stirred for 16 h. The reaction was quenched with H2O (100 mL) and extracted with CH2Cl2 
(3 x 100 mL). The combined organic layers were dried over Na2SO4 and concentrated. The 
mixture was purified by flash chromatography (1% to 5% ethyl acetate in hexanes) to obtain the 
desired diene (5.32 g, 96%): 1H NMR (CDCl3, 300 MHz) δ 7.20-7.50 (m, 10H), 6.56 (dt, J = 
16.8, 10.5 Hz, 1H), 5.93 (d, J = 10.8 Hz, 1H), 5.17 (dd, J = 16.8, 1.5 Hz, 1H), 5.08 (d, J = 10.2 
Hz, 1H), 4.13 (d, J = 8.4 Hz, 1H), 3.99 (m, 1H), 3.24 (s, 3H), 2.51 (m, 2H), 1.62- 1.81 (m, 2H), 
1.75 (s, 3H); 13C NMR (CDCl3, 75 MHz) δ 142.8, 142.4, 139.3, 133.4, 129.0, 128.6, 128.6, 
128.4, 126.5, 126.4, 125.8, 83.2, 58.0, 56.3, 35.3, 30.4, 22.5, 16.7; IR (neat) 3084, 3060, 2928, 
2826, 1649, 1598, 1493, 1451, 1105, 899 cm-1; HRMS (EI) m/z calcd for C22H26O [M]+ 
306.1984, found 306.1970. 
 
(2Z)-6-(tert-Butyldiphenylsiloxy)-1-
(triethylsiloxy)-2-((E)-7-methoxy-4-methyl-
8,8-diphenyloct-3-enyl)hex-2-ene (2.107): To a solution of 1.0 M BH3⋅THF in THF (12.5 mL, 
12.5 mmol) at –10 °C was added 2-methyl-2-butene (2.86 mL, 27.0 mmol). After stirring for 2 h, 
diene 2.97 (2.00 g, 6.53 mmol) in THF (6.44 mL) was added and the reaction was warmed to 0 
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°C. After 30 min the reaction was quenched with 5 drops of H2O. To the reaction mixture was 
added 3.0 M NaOH (4.48 mL), a solution of vinyl iodide 2.98 (3.24 g, 5.44 mmol) in THF 
(4.20), and Pd(PPh3)4 (0.315 g, 0.272 mmol). The reaction was stirred at room temperature for 
40 h and then was quenched with 3.0 M NaOH (5.6 mL) and 30% H2O2 (5.6 mL) at 0 °C. The 
reaction mixture continued to stir for 1 h and then was extracted with diethyl ether (3 x 40 mL). 
The organic layer was washed with a saturated solution of sodium bicarbonate (40 mL) and H2O 
(40 mL). The combined organic layers were dried over Na2SO4 and concentrated under vacuum. 
The mixture was purified using flash chromatography (1% to 5% ethyl acetate in hexanes) to 
yield the desired diene (3.86 g, 91%): 1H-NMR (CDCl3, 300 MHz) δ 7.69-7.72 (m, 4H), 7.16-
7.48 (m, 16H), 5.22 (t, J = 7.2 Hz, 1H), 5.14 (m, 1H), 4.19 (s, 2H), 4.04 (d, J = 8.1 Hz. 1H), 3.90 
(m, 1H), 3.68 (t, J = 6.3 Hz, 2H), 3.17 (s, 3H), 1.99-2.21 (m, 8H), 1.49-1.66 (m, 4H), 1.56 (s, 
3H), 1.09 (s, 9H), 0.98 (t, J = 7.8 Hz, 9H), 0.64 (q, J = 7.8 Hz, 6H); 13C-NMR (CDCl3, 75 MHz) 
δ 143.1, 142.6, 138.9, 135.8, 134.8, 134.3, 129.7, 129.1, 128.7, 128.6, 128.4, 127.8, 126.5, 126.4, 
125.0, 83.4, 63.6, 60.2 58.1 56.3, 35.4, 34.8, 33.2, 30.8, 27.2, 27.1, 24.2, 19.4, 16.1, 7.1, 4.7; IR 
(neat): 3066, 3026, 2954, 2932, 2875, 1493, 1452, 1108, 823; HRMS (ESI): m/z calcd for 
C50H70O3Si2Na [M+Na]+ 797.4761, found 797.4812. 
  
(2Z)-6-(tert-Butyldiphenylsiloxy)-2-((E)-7-
methoxy-4-methyl-8,8-diphenyloct-3-
enyl)hex-2-en-1-ol (2.108): To a solution of bis-silyl ether 2.107 (1.86 g, 2.40 mmol) in absolute 
ethanol (13.4 mL) at ambient temperature was added PPTS (0.181 g, 0.720 mmol). The reaction 
was stirred for 45 min and then was concentrated under vacuum. The reaction was purified using 
flash chromatography (5% to 15% ethyl acetate in hexanes) to obtain the wanted allylic alcohol 
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(1.44 g, 91%): 1H-NMR (CDCl3, 300 MHz) δ 7.69-7.73 (m, 4H), 7.18-7.49 (m, 16H), 5.28 (t, J = 
7.2 Hz, 1H), 5.14 (m, 1H), 4.14 (d, J = 6.0 Hz, 2H), 4.04 (d, J = 8.1 Hz, 1H), 3.91 (m, 1H), 3.70 
(t, J = 6.3 Hz, 2H), 3.17 (s, 3H), 2.22 (q, J = 7.5 Hz, 2H), 2.06-2.19 (m, 6H), 1.49-1.66 (m, 4H), 
1.53 (d, J = 0.6 Hz, 3H), 1.10 (s, 9H); 13C-NMR (CDCl3, 75 MHz) δ 143.0, 142.5, 139.3, 135.8, 
135.3, 134.1, 129.8, 129.1, 128.7, 128.6, 128.4, 128.2, 127.8, 126.5, 126.4, 124.6, 83.4, 63.1, 
60.5, 58.1, 56.3, 35.6, 35.3, 32.7, 30.8, 27.1, 27.1, 23.9, 19.4, 16.1; IR (neat) 3441, 3068, 3027, 
2931, 2858, 1493, 1451, 1109, 1006, 823; HRMS (EI): m/z calcd for C44H56O3Si [M]+ 660.3999, 
found 660.4031.  
 
(2Z)-1-(tert-Butyloxycarbonyl)-6-(tert-
butyldiphenylsiloxy)-2-((E)-7-methoxy-4-
methyl-8,8-diphenyloct-3-enyl)hex-2-ene (2.109): To a solution of alcohol 2.108 (2.59 g, 3.92 
mmol) in diethyl ether (24.8 mL) at –78 °C was added 1.6 M n-butyllithium in THF (2.69 mL, 
4.32 mmol). After 30 min of stirring the solution was cannulated over to a separate flask 
containing BOC-ON (1.11 g, 4.51 mmol) in THF (9.93 mL) at –15 °C. The reaction was warmed 
to 0 °C and continued to stir for an additional 4 h. The reaction mixture was washed with 2.0 M 
NaOH solution (30 mL) and brine (30 mL). The combined aqueous layers were then extracted 
with diethyl ether (3 x 30mL) and then the combined organic layers were dried over Na2SO4. 
After concentrating under vacuum, the reaction was purified using flash chromatography (1% to 
5% ethyl acetate in hexanes) to yield the desired carbonate (2.66 g, 89%): 1H NMR (CDCl3, 300 
MHz) δ 7.69-7.72 (m, 4H), 7.18-7.47 (m, 16H), 5.40 (t, J = 7.5 Hz, 1H), 5.10 (br m, 1H), 4.62 (s, 
2H), 4.03 (d, J = 8.1 Hz, 1H), 3.90 (m, 1H), 3.68 (t, J = 6.3 Hz, 2H), 3.17 (s, 3H), 2.22 (q, J = 7.2 
Hz, 2H), 2.04-2.10 (m, 6H), 1.55-1.67 (m, 4H), 1.52 (s, 3H), 1.51 (s, 9H), 1.09 (s, 9H); 13C NMR 
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(CDCl3, 75 MHz) δ 153.8, 142.9, 142.4, 135.6, 135.1, 134.1, 133.8, 130.8, 129.6, 129.0, 128.6, 
128.5, 128.3, 127.7, 126.4, 126.3, 124.2, 83.3, 81.8, 64.3, 63.3, 58.0, 56.2, 35.2, 35.1, 32.8, 30.7, 
27.9, 27.0, 26.8, 24.12, 19.3, 16.0; IR (neat) 3068, 3027, 2932, 2858, 1738, 1493, 1428, 1368, 
1254, 1161, 1109 cm-1; HRMS (ESI) m/z calcd for C49H64O5SiNa [M+Na]+ 783.4421, found 
783.4410. 
 
tert-Butyl (2E)-6-((tert-butyldiphenylsilyl)oxy)-2-iodohex-2-en-1-yl 
carbonate (2.110): To a solution of alcohol 2.102 (380 mg, 0.791 
mmol) in toluene (4.2 mL) at 0 °C was added 1-methylimidazole (65 mg, 0.79 mmol) and Boc2O 
(345 mg, 1.58 mmol). The reaction was allowed to warm to rt as it was stirred overnight. The 
reaction was quenched with H2O (5 mL) and extracted with CH2Cl2 (3 x 5 mL). The combined 
organic layers were dried over Na2SO4 and concentrated. The residue was purified by flash 
chromatography (5% to 10% ethyl acetate in hexanes) to provide the O-Boc protected vinyl 
iodide (454 mg, 99%): 1H NMR (CDCl3, 400 MHz) δ 7.65-7.67 (m, 4H), 7.38-7.47 (m, 6H), 
6.44 (t, J = 7.6 Hz, 1H), 4.74 (s, 2H), 3.66 (t, J = 6.0 Hz, 2H), 2.30 (q, J = 7.6 Hz, 2H), 1.63 (p, J 
= 6.0 Hz, 2H), 1.51 (s, 9H), 1.06 (s, 9H); 13C NMR (CDCl3, 100 MHz) δ 152.9, 146.6, 135.5, 
133.7, 129.6, 127.6, 93.0, 82.5, 68.0, 62.6, 31.6, 27.7, 27.7, 26.8, 19.1; IR (neat) 2932, 2858, 
1743, 1471, 1369, 1254, 1107, 702 cm-1; HRMS (ESI) m/z calcd for C27H37O4SiINa [M+Na]+ 
603.1404, found 603.1416.   
 
(2Z)-1-(tert-Butyloxycarbonyl)-6-(tert-
butyldiphenylsiloxy)-2-((E)-7-methoxy-4-
methyl-8,8-diphenyloct-3-enyl)hex-2-ene (2.109): To a solution of diene 2.97 (1.06 g, 3.45 
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mmol) in THF (5.2 mL) at rt was added 9-BBN dimer (0.441 g, 1.81 mmol). The reaction stirred 
for 2 h, then was quenched with 5 drops of H2O. To the solution was added K3PO4 (0.730 g, 3.45 
mmol) in H2O (1.7 mL) and vinyl iodide 2.110 (1.00 g, 1.72 mmol) in THF (5.2 mL). Pd(PtBu3)2 
(0.132 g, 0.258 mmol) was added portion wise over 2 d and the reaction  was allowed to stir for 
an additional day. The reaction was quenched with 3.0 M NaOH (2.8 mL) and 30% H2O2 (2.8 
mL) at 0 °C. The reaction mixture continued to stir for 1 h and then was extracted with diethyl 
ether (3 x 40 mL). The combined organic layers were dried over MgSO4 and concentrated. The 
mixture was purified by flash chromatography (1% to 7% ethyl acetate in hexanes) to yield the 
desired diene (0.963 g, 74%): 1H NMR (CDCl3, 300 MHz) δ 7.69-7.72 (m, 4H), 7.18-7.47 (m, 
16H), 5.40 (t, J = 7.5 Hz, 1H), 5.10 (br m, 1H), 4.62 (s, 2H), 4.03 (d, J = 8.1 Hz, 1H), 3.90 (m, 
1H), 3.68 (t, J = 6.3 Hz, 2H), 3.17 (s, 3H), 2.22 (q, J = 7.2 Hz, 2H), 2.04-2.10 (m, 6H), 1.55-1.67 
(m, 4H), 1.52 (s, 3H), 1.51 (s, 9H), 1.09 (s, 9H); 13C NMR (CDCl3, 75 MHz) δ 153.8, 142.9, 
142.4, 135.6, 135.1, 134.1, 133.8, 130.8, 129.6, 129.0, 128.6, 128.5, 128.3, 127.7, 126.4, 126.3, 
124.2, 83.3, 81.8, 64.3, 63.3, 58.0, 56.2, 35.2, 35.1, 32.8, 30.7, 27.9, 27.0, 26.8, 24.12, 19.3, 
16.0; IR (neat) 3068, 3027, 2932, 2858, 1738, 1493, 1428, 1368, 1254, 1161, 1109 cm-1; HRMS 
(ESI) m/z calcd for C49H64O5SiNa [M+Na]+ 783.4421, found 783.4410.  
 
(2Z)-1-(tert-Butyloxycarbonyl)-6-(tert-
butyldiphenylsiloxy)-2-((3R,4S)-epoxy-7-
methoxy-4-methyl-8,8-diphenyloctanyl)hex-2-ene (2.111): To a solution of diene 2.109 (1.08 
g, 1.42 mmol) in acetonitrile/dimethoxymethane (20.8 mL, 1:2, v/v) at 0 °C was added 
Bu4NHSO4 (0.024 g, 0.071 mmol), (L)-fructose derived Shi ketone (2.82) (0.147 g, 0.568 mmol), 
and 0.500 M Na2B4O7 in 4.00x10-4 M Na2(EDTA) (13.8 mL). Oxone (1.31 g, 2.13 mmol) in 
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4.00x10-4 M Na2(EDTA) (7.75 mL) and K2CO3 (1.29 g, 9.31 mmol) in H2O (7.75 mL) were 
added simultaneously but separately via a syringe pump over 2 h. The reaction was stirred at 0 
°C overnight and then was diluted with H2O (10 mL) and extracted with CH2Cl2 (3 x 15 mL). 
The combined organic layers were dried over Na2SO4 and concentrated under vacuum. The 
reaction mixture was purified using flash chromatography (0.5% triethylamine, 5% to 10% ethyl 
acetate in hexanes) to afford the desired monoepoxide (1:1 mixture of diastereomers) (0.923 g, 
84 %): 1H-NMR (CDCl3, 300 MHz) δ 7.66-7.69 (m, 4H), 7.16-7.45 (m, 16H), 5.40 (t, J = 7.2 
Hz, 1H), 4.60 (s, 2H), 3.90-4.00 (m, 2H), 3.66 (t, J = 6.3 Hz, 2H), 3.16 (s, 1.5H), 3.15 (s, 1.5H), 
2.61 (t, J = 6.0 Hz, 1H), 2.20 (q, J = 7.2 Hz, 2H), 2.11-2.17 (m, 2H), 1.42-1.77 (m, 8H), 1.48 (s, 
9H), 1.14 (s, 1.5H), 1.12 (s, 1.5H), 1.07 (s, 9H); 13C-NMR (CDCl3, 75 MHz) δ 153.6, 142.5, 
142.5, 142.2, 142.0, 135.5, 133.9, 132.9, 131.1, 129.5, 128.8, 128.7, 128.5, 128.5, 128.4, 128.2, 
127.6, 126.4, 126.4, 126.2, 83.1, 83.1, 81.9, 64.0, 63.1, 63.1, 62.6, 60.7, 60.6, 57.9, 57.6, 56.1, 
55.8, 33.8, 33.7, 32.6, 31.7, 27.8, 27.4, 27.1, 26.8, 24.0, 19.2, 16.6, 16.2; IR (neat): 3068, 3027, 
2932, 2859, 1739, 1454, 1368, 1276, 1254, 1108, 702; HRMS (ESI): m/z calcd for C49H64O6SiNa 
[M+Na]+ 799.4370, found 799.4410; [α]D = –5.00 (c 1.06, CHCl3). 
 
1-(tert-Butyloxycarbonyl)-6-(tert-
butyldiphenylsiloxy)-(2S,3S)-epoxy-2-
((3R,4S)-epoxy-7-methoxy-4-methyl-8,8-diphenyloctanyl)hexane (2.96): To a solution of 
alkene 2.111 (0.902 g, 1.16 mmol) and Bu4NHSO4 (0.024 g, 0.069 mmol) in acetonitrile (5.86 
mL) and 4.00x10-4 M Na2(EDTA) (5.86 mL) at 0 °C was added a small portions of 
Oxone/NaHCO3 until the pH was greater than 7. Then the (D)-fructose derived diacyl Shi ketone 
(2.112) (0.105 g, 0.348 mmol) in acetonitrile (2.93 mL) was added dropwise. Then a mixture of 
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Oxone (3.57 g, 5.80 mmol) and NaHCO3 (1.51 g, 18.0 mmol) was added portion wise over the 
next 4 h. The reaction was stirred at 0 °C for an additional 6 h and then at room temperature 
overnight. The reaction was quenched with H2O (5 mL) and extracted with CH2Cl2 (3 x 5 mL). 
The combined organic layers were dried over Na2SO4 and concentrated under vacuum. The 
mixture was purified using flash chromatography (0.5% triethylamine, 10% to 15% ethyl acetate 
in hexanes) to afford the desired diepoxide (1:1 mixture of diastereomers) (0.797 g, 87 %): 1H 
NMR (CDCl3, 300 MHz) δ 7.68-7.72 (m, 4H), 7.18-7.48 (m, 16H), 4.16 (m, 2H), 3.92-4.03 (m, 
2H), 3.74 (m, 2H), 3.18 (s, 1.5 H), 3.17 (s, 1.5H), 2.86 (m, 1H), 2.61 (t, J = 6.3 Hz, 1H), 1.43-
1.83 (m, 12H), 1.51 (s, 9H), 1.17 (s, 1.5 H), 1.15 (s, 1.5 H), 1.09 (s, 9H); 13C NMR (CDCl3, 75 
MHz) δ 153.2, 142.5, 142.5, 142.2, 142.0, 135.5, 133.7, 129.6, 128.7, 128.7, 128.5, 128.5, 128.4, 
128.2, 127.6, 126.4, 126.4, 126.2, 83.1, 83.0, 82.4, 66.0, 63.2, 62,9, 62.9, 62.5, 60.8, 60.7, 60.3, 
57.9, 57.6, 56.1, 55.8, 33.7, 33.6, 30.4, 29.5, 27.7, 27.4, 27.1, 26.8, 24.7, 23.9, 19.1 16.6, 16.2; 
IR (neat) 3068, 3026, 2932, 2859, 1742, 1454, 1369, 1277, 1104, 702 cm-1; HRMS (ESI) m/z 
calcd for C49H64O7SiNa [M+Na]+ 815.4319, found 815.4299; [α]D = +0.50 (c 1.00, CHCl3). 
 
1-(tert-Butyloxycarbonyl)-6-(tert-
butyldiphenylsiloxy)-(2S,3S)-epoxy-2-
((3R,4S)-epoxy-7-methoxy-4-methyl-8,8-diphenyloctanyl)hexane (2.96): To a solution of 
diene 2.109 (2.50 g, 3.28 mmol) in acetonitrile/dimethoxymethane (49 mL, 1:2, v/v) at 0 °C was 
added Bu4NHSO4 (56 mg, 0.16 mmol), sorbose derived Shi ketone (2.82) (212 mg, 0.820 mmol), 
and 0.500 M Na2B4O7 in 0.4 mM Na2(EDTA) (31.7 mL). Oxone (3.02 g, 4.92 mmol) in 0.4.00 
mM Na2(EDTA) (18.1 mL) and K2CO3 (2.97 g, 21.5 mmol) in H2O (18.1 mL) were added 
simultaneously but separately via a syringe pump over 1.5 h. The reaction was stirred for an 
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additional 1.5 h and then fructose derived diacyl Shi ketone 2.112 (496 mg, 1.64 mmol) in 
acetonitrile (3.0 mL) was added dropwise. Then a mixture of Oxone (10.1 g, 16.4 mmol) and 
NaHCO3 (4.27 g, 50.8 mmol) was added portion wise over the next 2 h. The reaction stirred at 0 
°C for 4 h and then at rt overnight. The mixture was diluted with H2O (25 mL) and extracted 
with CH2Cl2 (3 x 100 mL). The combined organic layers were dried over Na2SO4, concentrated, 
and purified by flash chromatography (0.5% triethylamine, 5% to 15% ethyl acetate in hexanes) 
provide the desired diepoxide (1:1 mixture of diastereomers) (2.12 g, 82 %): 1H NMR (CDCl3, 
300 MHz) δ 7.68-7.72 (m, 4H), 7.18-7.48 (m, 16H), 4.16 (m, 2H), 3.92-4.03 (m, 2H), 3.74 (m, 
2H), 3.18 (s, 1.5 H), 3.17 (s, 1.5H), 2.86 (m, 1H), 2.61 (t, J = 6.3 Hz, 1H), 1.43-1.83 (m, 12H), 
1.51 (s, 9H), 1.17 (s, 1.5 H), 1.15 (s, 1.5 H), 1.09 (s, 9H); 13C NMR (CDCl3, 75 MHz) δ 153.2, 
142.5, 142.5, 142.2, 142.0, 135.5, 133.7, 129.6, 128.7, 128.7, 128.5, 128.5, 128.4, 128.2, 127.6, 
126.4, 126.4, 126.2, 83.1, 83.0, 82.4, 66.0, 63.2, 62,9, 62.9, 62.5, 60.8, 60.7, 60.3, 57.9, 57.6, 
56.1, 55.8, 33.7, 33.6, 30.4, 29.5, 27.7, 27.4, 27.1, 26.8, 24.7, 23.9, 19.1 16.6, 16.2; IR (neat) 
3068, 3026, 2932, 2859, 1742, 1454, 1369, 1277, 1104, 702 cm-1; HRMS (ESI) m/z calcd for 
C49H64O7SiNa [M+Na]+ 815.4319, found 815.4299; [α]D = +0.50 (c 1.00, CHCl3). 
 
(5R,6R)-6-(3-((tert-butyldiphenylsilyl)oxy)propyl)-8-
((2S)-5-methoxy-2-methyloxolan-2-yl)-1,3,7-
trioxaspiro[4.5]decan-2-one (2.95): To a solution of 
diepoxide 2.96 (1.50 g, 1.89 mmol) in dichloroethane/toluene (64 mL, 5:1, v/v) was added 
activated 4Å molecular sieves (2.15 g), anhydrous sodium thiosulfate (2.15 g), sodium acetate 
(2.15 g), and N-methylquinolinium hexafluorophosphate (0.273 g, 0.945 mmol) at rt in a 
borosilicate flask. The mixture was photoirradiated (medium pressure mercury lamp) with gentle 
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air bubbling for 3 h while stirring. The mixture was filtered through a small silica plug using 
ethyl acetate to remove the insoluble inorganic material and the filtrate was concentrated. The 
residue was purified by flash chromatography (0.5% triethylamine, 10% to 30% ethyl acetate in 
hexanes) to obtain the tricycle (1:1 mixture of diastereomers) (0.473 g, 45%) and starting 
diepoxide (0.588 g, 75% based on recovered starting materials): 1H NMR (CDCl3, 300 MHz) δ 
7.61-7.68 (m, 4H), 7.36-7.46 (m, 6H), 4.95 (m, 1/2 H), 4.92 (t, J = 2.7 Hz, 1/2 H), 4.51 (s, 1/2 
H), 4.49 (s, 1/2 H), 4.07 (dd, J = 9.0, 3.3 Hz, 1H), 3.84-4.00 (m, 1H), 3.68 (t, J = 6.3 Hz, 2H), 
3.41 (m, 1H), 3.32 (s, 1.5H), 3.30 (s, 1.5H), 1.57-2.16 (m, 10H), 1.26-1.48 (m, 2H), 1.24 (s, 
1.5H), 1.09 (s, 1.5H), 1.06 (s, 9H); 13C NMR (CDCl3, 75 MHz) δ 154.1, 154.0, 135.4, 133.6, 
133.6, 133.5, 129.5, 129.4, 127.5, 105.5, 105.4, 84.6, 84.4, 83.5, 82.4, 80.5, 80.4, 80.2, 80.0, 
69.4, 63.1, 54.4, 54.0, 34.4, 34.3, 34.1, 32.8, 32.3, 31.9, 28.3, 26.7, 24.1, 24.1, 23.9, 23.5, 20.8, 
19.1; IR (neat) 3070, 2933, 2858, 1809, 1460, 1335, 1209, 1066, 735 cm-1; HRMS (ESI) m/z 
calcd for C32H44O7NaSi [M+Na]+ 591.2754, found 591.2786; [α]D = +4.45 (c 1.09, CHCl3). 
 
(5R,6R)-6-(3-((tert-Butyldiphenylsilyl)oxy]propyl)-8-
((2S)-2-methyl-5-oxooxolan-2-yl)-1,3,7-
trioxaspiro[4.5]decan-2-one (2.113): To a solution of 
lactol 2.95 (22.6 mg, 0.040 mmol) in CH2Cl2 (0.60 mL) was added scandium triflate (5.9 mg, 
0.012 mmol) and m-CPBA (7.5 mg, 0.044 mmol) at 0 °C. After stirring for 3 h, triethylamine 
(20.1 mg, 0.198 mmol) was added and the reaction was stirred for an additional 30 min. The 
reaction mixture was concentrated under vacuum and purified using flash chromatography (20% 
to 60% ethyl acetate in hexanes) to afford the desired lactone (13.9 mg, 63%): 1H-NMR (CDCl3, 
300 MHz) δ 7.65-7.69 (m, 4H), 7.38-7.46 (m, 6H), 4.49 (d, J = 8.7 Hz, 1H), 4.09 (d, J = 9.0 Hz, 
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1H), 3.69 (t, J = 4.8 Hz, 2H), 3.46 (d, J = 9.6 Hz, 1H), 3.35 (dd, J = 11.7, 1.8 Hz, 1H), 2.51-2.60 
(m, 2H), 1.99-2.22 (m, 3H), 1.72-1.92 (m, 4H), 1.35-1.65 (m, 3H), 1.31 (s, 3H), 1.06 (s, 9H); 
13C-NMR (CDCl3, 75 MHz) δ 176.3, 153.9, 135.5, 135.5, 133.7, 133.6, 129.5, 127.6, 85.9, 81.9, 
80.1, 80.0, 69.3, 63.0, 34.0, 29.6, 29.1, 28.1, 26.8, 24.2, 23.5, 22.5, 19.2; IR (neat): 2932, 2858, 
1807, 1773, 1427, 1208, 1142, 1087, 704; HRMS (ESI): m/z calcd for C31H40O7SiNa [M+Na]+ 
575.2441, found 575.2440; [α]D = 9.99 (c 1.08, CHCl3). 
 
(5R,6R)-6-(3-Hydroxypropyl)-8-[(2S)-2-methyl-5-oxooxolan-
2-yl]-1,3,7-trioxaspiro[4.5]decan-2-one (2.114): To a solution 
silyl ether 2.113 (190 mg, 0.344 mmol) in methanol (7.2 mL) 
was added NH4F (145.1 mg, 3.92 mmol). The reaction was allowed to stir at room temperature 
for 48 h. The reaction mixture was concentrated under vacuum and purified using flash 
chromatography (50% to 100 % ethyl acetate in hexanes) was used to afford the desired alcohol 
(108 mg, 100%): 1H NMR (CDCl3, 300 MHz) δ 4.55 (d, J = 8.7 Hz, 1H), 4.11 (d, J = 8.7 Hz, 
1H), 3.62-3.70 (m, 2H), 3.52 (td, J = 11.4, 1.8 Hz, 2H), 2.51-2.71 (m, 2H), 2.03-2.29 (m, 3H), 
1.86-1.96 (m, 2H), 1.50-1.76 (m, 4H) 1.46 (t, J = 5.4 Hz, 1H), 1.37 (s, 3H), 1.26-1.31 (m, 1H); 
13C NMR (CDCl3, 75 MHz) δ 177.1, 154.0, 86.5, 82.0, 80.3, 80.2, 69.4, 61.8, 34.0, 29.5, 29.0, 
28.5, 24.2, 23.5, 22.8; IR (neat) 3415, 2951, 2873, 1801, 1765, 1383, 1263, 1211, 1065 cm-1; 
HRMS (EI) m/z calcd for C15H22O7 [M]+ 314.1366, found 314.1359; [α]D = +10.5 (c 1.08, 
CHCl3). 
 
3-((5R,6R)-8-((2S)-2-Methyl-5-oxooxolan-2-yl)-2-oxo-1,3,7-
trioxaspiro[4.5]decan-6-yl)propanal (2.50): To a solution of 
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alcohol 2.114 (108 mg, 0.344 mmol) in CH2Cl2 (0.30 mL) at 0 °C was added DMSO (0.41 mL), 
triethylamine (0.14 mL, 1.03 mmol), and Py·SO3 (82.0 mg, 0.515 mmol). The reaction was 
allowed to warm to room temperature slowly while it stirred overnight. The reaction was 
quenched with H2O (5 mL) and extracted with CH2Cl2 (3 x 5 mL). The reaction was dried over 
Na2SO4 and concentrated under vacuum. The reaction mixture was purified using flash 
chromatography (60% to 90% ethyl acetate in hexanes) to obtain the desired aldehyde (84.2 mg, 
78%): 1H NMR (CDCl3, 300 MHz) δ 9.75 (s, 1H), 4.55 (d, J = 9.0 Hz, 1H), 4.13 (d, J = 9.0 Hz, 
1H), 3.48 (td, J = 11.7, 2.1 Hz, 2H), 2.53-2.62 (m, 4H), 2.03-2.24 (m, 3H), 1.72-1.95 (m, 4H), 
1.27-1.37 (m, 1H), 1.33 (s, 3H); 13C NMR (CDCl3, 75 MHz) δ 200.8, 176.4, 153.7, 86.0, 82.3, 
80.0, 79.6, 69.2, 39.4, 34.0, 29.2, 29.1, 23.5, 22.8, 20.2; IR (neat) 2934, 2851, 1805, 1768, 1721, 
1457, 1383, 1264, 1165, 1066 cm-1; HRMS (ESI) m/z calcd for C15H20O7Na [M+Na]+ 335.1107, 
found 335.1111; [α]D = +18.1 (c 1.07, CHCl3). 
 
(5R,6R)-6-(3-Hydroxypropyl)-8-[(2S)-2-methyl-5-oxooxolan-
2-yl]-1,3,7-trioxaspiro[4.5]decan-2-one (2.114): To a solution 
of lactol ether 2.95 (475 mg, 0.835 mmol) in CH2Cl2 (15 mL) 
was added Sc(OTf)3 (164 mg, 0.334 mmol) and m-CPBA (159 mg, 0.919 mmol) at 0 °C. After 
stirring for 4 h the reaction was warmed to rt and stirred overnight. The reaction mixture was 
concentrated and purified by flash chromatography (20% to 100% ethyl acetate in hexanes) to 
afford the desired lactone (179 mg, 68%): 1H NMR (CDCl3, 300 MHz) δ 4.55 (d, J = 8.7 Hz, 
1H), 4.11 (d, J = 8.7 Hz, 1H), 3.62-3.70 (m, 2H), 3.52 (td, J = 11.4, 1.8 Hz, 2H), 2.51-2.71 (m, 
2H), 2.03-2.29 (m, 3H), 1.86-1.96 (m, 2H), 1.50-1.76 (m, 4H) 1.46 (t, J = 5.4 Hz, 1H), 1.37 (s, 
3H), 1.26-1.31 (m, 1H); 13C NMR (CDCl3, 75 MHz) δ 177.1, 154.0, 86.5, 82.0, 80.3, 80.2, 69.4, 
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61.8, 34.0, 29.5, 29.0, 28.5, 24.2, 23.5, 22.8; IR (neat) 3415, 2951, 2873, 1801, 1765, 1383, 
1263, 1211, 1065 cm-1; HRMS (EI) m/z calcd for C15H22O7 [M]+ 314.1366, found 314.1359; 
[α]D = +10.5 (c 1.08, CHCl3). 
 
3-((5R,6R)-8-((2S)-2-Methyl-5-oxooxolan-2-yl)-2-oxo-1,3,7-
trioxaspiro[4.5]decan-6-yl)propanal (2.50): To a solution of 
alcohol 2.114 (94 mg, 0.30 mmol) in DMSO (0.30 mL) at rt was 
added IBX (92 mg, 0.33 mmol). The reaction was stirred overnight, then was quenched with 
H2O (1.0 mL) and extracted with ethyl acetate (3 x 3 mL). The reaction was dried over Na2SO4, 
concentrated, and purified by flash chromatography (50% to 100% ethyl acetate in hexanes) to 
obtain the desired aldehyde (87 mg, 93%): 1H NMR (CDCl3, 300 MHz) δ 9.75 (s, 1H), 4.55 (d, J 
= 9.0 Hz, 1H), 4.13 (d, J = 9.0 Hz, 1H), 3.48 (td, J = 11.7, 2.1 Hz, 2H), 2.53-2.62 (m, 4H), 2.03-
2.24 (m, 3H), 1.72-1.95 (m, 4H), 1.27-1.37 (m, 1H), 1.33 (s, 3H); 13C NMR (CDCl3, 75 MHz) δ 
200.8, 176.4, 153.7, 86.0, 82.3, 80.0, 79.6, 69.2, 39.4, 34.0, 29.2, 29.1, 23.5, 22.8, 20.2; IR (neat) 
2934, 2851, 1805, 1768, 1721, 1457, 1383, 1264, 1165, 1066 cm-1; HRMS (ESI) m/z calcd for 
C15H20O7Na [M+Na]+ 335.1107, found 335.1111; [α]D = +18.1 (c 1.07, CHCl3). 
 
(S)-5-((2R,5R,6R)-6-(3-(tert-
Butyldiphenylsilyloxy)propyl)-5-hydroxy-5-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-5-
methyldihydrofuran-2(3H)-one (2.115): To a solution of carbonate 2.113 (48.5 mg, 0.087 
mmol) in methanol (2.00 mL) at ambient temperature was added K2CO3 (23.5 mg, 0.170 mmol). 
The reaction was stirred overnight and then quenched with H2O (5 mL). The mixture was 
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extracted with ethyl acetate (3 x 5 mL), dried over Na2SO4, and concentrated under vacuum. The 
residue was purified by flash chromatography (50% to 100% ethyl acetate in hexanes) to obtain 
the wanted diol (35.1 mg, 77%): 1H NMR (CDCl3, 500 MHz) δ 7.65-7.68 (m, 4H), 7.37-7.43 (m, 
6H), 3.76 (d, J = 11.0 Hz, 1H), 3.63-3.70 (m, 3H), 3.39 (dd, J = 11.0, 2.0 Hz, 1H), 3.22 (dd, J = 
10.5, 1.5 Hz, 1H), 2.60 (ddd, J = 18.0, 10.5, 8.0 Hz, 1H), 2.49 (ddd, J = 18.0, 10.5, 5.0 Hz, 1H), 
2.24-2.30 (m, 1H), 1.40-1.91 (m, 9H), 1.33 (s, 3H), 1.05 (s, 9H). 
 
(2R,6R)-2-(3-(tert-Butyldiphenylsilyloxy)propyl)-6-((S)-
2-methyl-5-oxotetrahydrofuran-2-yl)dihydro-2H-pyran-
3(4H)-one (2.116): To a solution of diol 2.115 (35.0 mg, 0.066 mmol) in benzene (10.0 mL) at 0 
°C was added Pb(OAc)4 (39.0 mg, 0.088 mmol). After stirring for 5 min the reaction was 
quenched with a saturated solution of sodium bicarbonate (10.0 mL), extracted with diethyl ether 
(3 x 10 mL), dried over MgSO4, and concentrated under vacuum. The mixture was purified by 
flash chromatography (10% ethyl acetate in hexanes) to yield the wanted ketone (22.0 mg, 68%): 
1H NMR (CDCl3, 400 MHz) δ 7.65-7.68 (m, 4H), 7.37-7.45 (m, 6H), 3.80 (dd, J = 7.2, 4.0 Hz, 
1H), 3.71 (dd, J = 11.2, 3.6 Hz, 1H), 3.69 (td, J = 6.4, 1.6 Hz, 2H), 2.32-2.67 (m, 5H), 1.85-2.12 
(m, 4H), 1.59-1.69 (m, 3H), 1.39 (s, 3H), 1.05 (s, 9H). 
 
(S)-5-((2R,5S,6R)-6-(3-(tert-
Butyldiphenylsilyloxy)propyl)-5-hydroxytetrahydro-
2H-pyran-2-yl)-5-methyldihydrofuran-2(3H)-one (2.117): To a solution of ketone 2.116 (20.6 
mg, 0.042 mmol) in methanol (2.00 mL) at ambient temperature was added NaBH4 (1.6 mg, 
0.042 mmol). After stirring for one h the reaction was quenched with a saturated solution of 
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ammonium chloride (5.0 mL), extracted with CH2Cl2 (3 x 5 mL), dried over Na2SO4, and then 
concentrated under vacuum. The residue was purified by flash chromatography (10% to 35% 
ethyl acetate in hexanes) to obtain the wanted alcohol (14.7 mg, 71%): 1H NMR (CDCl3, 500 
MHz) δ 7.66-7.69 (m, 4H), 7.37-7.44 (m, 6H), 3.70 (t, J = 6.0 Hz, 2H), 3.31 (dd, J = 11.0, 2.0 
Hz, 1H), 3.24-3.27 (m, 1H), 3.04 (td, J = 9.0, 2.5 Hz, 1H), 2.60 (ddd, J = 18.0, 10.5, 8.5 Hz, 1H), 
2.47 (ddd, J = 17.5, 10.0, 4.5 Hz, 1H), 2.29 (ddd, J = 15.0, 10.5, 5.0 Hz, 1H), 2.13-2.16 (m, 1H), 
1.97 (ddd, J = 13.0, 6.0, 3.0 Hz, 1H), 1.72-1.83 (m, 3H), 1.57-1.61 (m, 1H), 1.40-1.50 (m, 4H), 
1.32 (s, 3H), 1.06 (s, 9H). 
 
(R)-((2R,3S,6R)-2-(3-(tert-
Butyldiphenylsilyloxy)propyl)-6-((S)-2-methyl-5-
oxotetrahydrofuran-2-yl)tetrahydro-2H-pyran-3-yl) 
3,3,3-trifluoro-2-methoxy-2-phenylpropanoate (2.118): A solution of alcohol 2.117 (7.0 mg, 
0.014 mmol) in CH2Cl2 (0.30 mL) at ambient temperature was treated with (R)-(+)-methoxy 
trifluormethyl phenylacetic acid (2.84) (9.8 mg, 0.042 mmol), DCC (14.4 mg, 0.070 mmol), and 
DMAP (1.7 mg, 0.014 mmol).   After stirring for 1 h the reaction was at completion. The 
complete reaction mixture was purified using flash chromatography (10% to 30% ethyl acetate in 
hexanes) to yield the desired Mosher ester (7.8 mg, 78%): 1H NMR (CDCl3, 500 MHz) δ 7.63-
7.66 (m, 4H), 7.48-7.50 (m, 2H), 7.37-7.44 (m, 6H), 7.31-7.33 (m, 3H), 4.68 (td, J = 10.0, 4.5 
Hz, 1H), 3.49 (s, 3H), 3.51-3.55 (m, 2H), 3.36 (dd, J = 11.5, 2.0 Hz, 1H), 3.32 (td, J = 9.0, 2.5 
Hz, 1H), 2.58 (ddd, J = 18.0, 10.5, 8.0 Hz, 1H), 2.48 (ddd, J = 18.0, 10.5, 5.0 Hz, 1H), 2.35-2.39 
(m, 1H), 2.29 (ddd, J = 15.5, 10.5, 5.0 Hz, 1H), 1.79-1.85 (m, 2H), 1.42-1.73 (m, 6H), 1.33 (s, 
3H), 1.03 (s, 9H). 
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(S)-((2R,3S,6R)-2-(3-(tert-Butyldiphenylsilyloxy)propyl)-
6-((S)-2-methyl-5-oxotetrahydrofuran-2-yl)tetrahydro-
2H-pyran-3-yl) 3,3,3-trifluoro-2-methoxy-2-
phenylpropanoate (2.119): A solution of alcohol 2.117 (7.0 mg, 0.014 mmol) in CH2Cl2 (0.30 
mL) at ambient temperature was treated with (S)-(–)-methoxy trifluoromethyl phenylacetic acid 
(2.86) (9.8 mg, 0.042 mmol), DCC (14.4 mg, 0.070 mmol), and DMAP (1.7 mg, 0.014 mmol).   
After stirring for 1 h the reaction was at completion. The complete reaction mixture was purified 
using flash chromatography (10% to 30% ethyl acetate in hexanes) to yield the desired Mosher 
ester (8.2 mg, 82%): 1H NMR (CDCl3, 500 MHz) δ 7.63-7.65 (m, 4H), 7.48-7.49 (m, 2H), 7.34-
7.44 (m, 9H), 4.65 (td, J = 10.5, 4.5 Hz, 1H), 3.62 (t, J = 6.0 Hz, 2H), 3.49 (d, J = 0.5 Hz, 3H), 
3.30-3.33 (m, 2H), 2.58 (ddd, J = 18.0, 10.0, 8.0 Hz, 1H), 2.48 (ddd, J = 18.0, 10.5, 5.0 Hz, 1H), 
2.26-2.31 (m, 2H), 1.69-1.84 (m, 4H), 1.40-1.56 (m, 4H), 1.32 (s, 3H), 1.04 (s, 9H). 
 
(1S)-1-((2R,5R)-5-(2-((tert-Butyldimethylsilyl)oxy)propan-2-
yl)-2-methyloxolan-2-yl)-4-iodo-1-((tert-
butyldimethylsilyl)oxy)pent-4-ene (2.120): To a solution of diol 2.83 (700 mg, 1.54 mmol) and 
[CpRu(MeCN)3]PF6 (33.4 mg, 0.077 mmol) in CH2Cl2 (3.00 mL) at 0 °C was added 
triethylsilane (215 mg, 1.85 mmol). After stirring for 2 h the reaction mixture was concentrated 
under vacuum and run through a small silica plug (hexanes). The filtrate was concentrated under 
vacuum and taken in CH2Cl2 (3.00 mL). To the solution was added 2,6-lutidine (198 mg, 1.85 
mmol) and I2 (937 mg, 3.69 mmol). After stirring for 1 h the reaction was quenched with 
triethylamine (1 mL) and a saturated solution of sodium thiosulfate (3 mL). After 20 min the 
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reaction mixture was extracted with CH2Cl2 (3 x 5 mL) and dried over MgSO4. The mixture was 
purified using flash chromatography (1% to 3% ethyl acetate in hexanes) to obtain the desired 
vinyl iodide (676 mg, 75%): 1H-NMR (CDCl3, 300 MHz) δ 6.03 (d, J = 1.5 Hz, 1H), 5.69 (d, J = 
1.2 Hz, 1H), 3.64 (dd, J = 8.7, 6.3 Hz, 1H), 3.53 (dd, J = 6.3, 5.1 Hz, 1H), 2.49-2.56 (m, 2H), 
1.79-1.97 (m, 4H), 1.55-1.63 (m, 2H), 1.19 (s, 6H), 1.12 (2, 3H), 0.91 (s, 9H), 0.87 (9H, s), 0.11 
(s, 3H), 0.10 (s, 6H), 0.09 (s, 3H); 13C-NMR (CDCl3, 75 MHz) δ 124.9, 112.9, 87.0, 85.8, 76.3, 
74.3, 42.6, 35.5, 33.9, 28.2, 26.4, 26.0, 25.9, 24.9, 22.3, 18.2, -2.0, -2.0, -3.7, -4.2; IR (neat): 
2955, 2930, 2857, 1463, 1253, 1097, 1040, 834; HRMS (EI): m/z calc’d for C24H48O3Si2I [M-
CH3]+ 567.21868, found 567.22137; [α]D = +7.70 (c 1.20, CHCl3). 
 
(5R,6R,8R)-6-((S)-7-(tert-
Butyldimethylsilyloxy)-7-((2R,5R)-5-
(2-(tert-butyldimethylsilyloxy)propan-
2-yl)-2-methyltetrahydrofuran-2-yl)-3-hydroxy-4-methyleneheptyl)-8-((S)-2-methyl-5-
oxotetrahydrofuran-2-yl)-1,3,7-trioxaspiro[4.5]decan-2-one (2.121): To a solution of 
aldehyde 2.50 (38.0 mg, 0.122 mmol) and vinyl iodide 2.120 (142 mg, 0.243 mmol) in DMF 
(0.20 mL) was added CrCl3 (9.7 mg, 0.061 mmol), NiCl2 (7.9 mg, 0.061 mmol), Mn0 (33.5 mg, 
0.610 mmol) and TMSCl (37.0 µL, 0.293 mmol) at ambient temperature. The reaction was 
allowed to stir overnight and was then quenched with H2O (0.20 mL). Over the next 4 h 0.5 M 
HCl (2.0 mL) and ethyl acetate (2.0 mL) were added in portions. After concentrating under 
vacuum, the reaction mixture was extracted with ethyl acetate (3 x 5 mL), dried over Na2SO4, 
and filtered. The mixture was purified using flash chromatography (10% to 70% ethyl acetate in 
hexanes) to obtain the desired coupling product (1:1 mixture of diastereomers) (31.4 mg, 34%): 
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1H-NMR (CDCl3, 300 MHz): δ 5.03 (s, 1H), 4.87 (s, 1H), 4.54 (d, J = 7.2 Hz, 0.5H), 4.51 (d, J = 
7.2 Hz, 0.5H), 4.06-4.12 (m, 2H), 3.61-3.67 (m, 1H), 3.42-3.55 (m, 3H), 2.56-2.64 (m, 2H), 
1.38-2.26 (m, 19H), 1.35 (s, 1.5H), 1.35 (s, 1.5H), 1.17 (s, 6H), 1.10 (s, 3H), 0.90 (s, 9H), 0.86 
(s, 9H), 0.08 (s, 12H); 13C-NMR (CDCl3, 75 MHz) δ 176.6, 176.4, 153.9, 153.8, 151.9, 151.8, 
109.6, 109.4, 87.0, 86.1, 86.0, 86.0, 85.9, 82.1, 80.9, 80.8, 80.1, 80.1, 74.8, 74.3, 74.1, 69.4, 69.3, 
35.2, 35.0, 34.3, 32.4, 32.3, 31.5, 31.4, 29.9, 29.8, 29.7, 29.3, 29.2, 28.9, 28.7, 28.3, 26.4, 26.4, 
26.0, 26.0, 25.9, 24.8, 24.3, 23.9, 23.6, 22.5, 22.5, 22.4, 22.3, 18.1, -2.05, -3.6, -3.7, -4.1, -4.2; IR 
(neat): 2954, 2929, 2856, 1807, 1768, 1461, 1381, 1252, 1170, 1067; HRMS (ESI): m/z calcd for 
C40H72O10NaSi2 [M+Na]+ 791.4562, found 791.4582; [α]D =  +6.91 (c 1.04, CHCl3). 
 
(5R,6R,8R)-6-((3S,7S)-3-Hydroxy-7-
((2R,5R)-2-methyl-5-(2-
(triethylsilyloxy)propan-2-
yl)tetrahydrofuran-2-yl)-4-methylene-7-(triethylsilyloxy)heptyl)-8-((S)-2-methyl-5-
oxotetrahydrofuran-2-yl)-1,3,7-trioxaspiro[4.5]decan-2-one (2.123): A vial containing 
sulfonamide 2.122 (106 mg, 0.240 mmol) and Proton Sponge (51 mg, 0.24 mmol) was 
transferred into an argon-filled glove box. CrCl2 (29.5 mg, 0.240 mmol) was added to the vial 
under the inert atmosphere and sealed tightly before being removed from the glove box. The vial 
was placed under an N2 atmosphere and freshly distilled and deoxygenated MeCN (0.30 mL) 
was added. The mixture stirred for 1 h to produce a deep green solution and then the vial was 
placed into an argon-filled glove bag. In a separate vial, aldehyde 2.50 (50 mg, 0.16 mmol), vinyl 
iodide 2.51 (140 mg, 0.240 mmol), anhydrous LiCl (14 mg, 0.32 mmol), freshly activated Mn 
(18 mg, 0.32 mmol), NiCl2•DMP (16 mg, 0.048 mmol), and recrystallized ZrCp2Cl2 (56 mg, 
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0.19 mmol) were combined. After purging with argon the vial was transferred into the glove bag. 
A syringe was used to transfer the solution from the chromium-containing vial to the aldehyde-
containing vial. The reaction was placed under an N2 atmosphere and stirred for 2 h. Ethyl 
acetate (2 mL) and Florisil were added to the vial and the mixture was stirred vigorously for 30 
minutes. The reaction mixture was filtered and concentrated under vacuum. The residue 
waspurified by flash chromatography (10% to 60% ethyl acetate in hexanes) to obtain the 
coupling product (103 mg, 84%, dr 8:1): 1H NMR (CDCl3, 400 MHz): δ 5.03 (s, 1H), 4.87 (s, 
1H), 4.52 (d, J = 8.8 Hz, 1H), 4.10 (m, 2H), 3.63 (dd, J = 8.8, 6.4 Hz, 1H), 3.53 (m, 2H), 3.46 (d, 
J = 10.0 Hz, 1H), 2.59 (m, 2H), 2.04-2.27 (m, 5H), 1.85-1.99 (m, 5H), 1.68-1.83 (m, 5H), 1.53-
1.57 (m, 2H), 1.40-1.50 (m, 2H), 1.35 (s, 3H), 1.18 (s, 3H), 1.16 (s, 3H), 1.08 (s, 3H), 0.96 (t, J = 
8.0 Hz, 9H), 0.94 (t, J = 8.0 Hz, 9H), 0.62 (q, J = 8.0 Hz, 6H), 0.57 (q, J = 8.0 Hz, 6H); 13C 
NMR (CDCl3, 100 MHz) δ 176.6, 153.9, 151.8, 109.4, 87.1, 86.0, 85.8, 82.1, 80.9, 80.1, 77.7, 
74.0, 74.0, 69.3, 34.2, 32.1, 31.4, 29.7, 29.2, 29.0, 27.8, 26.3, 25.5, 23.8, 23.5, 22.6, 22.5, 7.1, 
7.1, 6.7, 5.5; IR (neat) 2955, 2875, 1807, 1773, 1459, 1239, 1173, 1067, 738 cm-1; HRMS (ESI) 
m/z calcd for C40H72O10Si2Na [M+Na]+ 791.4562, found 791.4531; [α]D = +3.60 (c 0.89, 
CHCl3). 
 
(R)-((3S,7S)-7-((2R,5R)-2-Methyl-5-(2-
(triethylsilyloxy)propan-2-
yl)tetrahydrofuran-2-yl)-1-
((5R,6R,8R)-8-((S)-2-methyl-5-
oxotetrahydrofuran-2-yl)-2-oxo-1,3,7-trioxaspiro[4.5]decan-6-yl)-4-methylene-7-
(triethylsilyloxy)heptan-3-yl) 2-methoxy-2-phenylethanoate (2.125): To a solution of allylic 
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alcohol 2.123 and allylic alcohol 12-epi-2.123 (mixture of diastereomers 8:1) (8.3 mg, 0.011 
mmol) in CH2Cl2 (0.20 mL) was added (R)-(–)-α-methoxyphenylacetic (2.124) (3.8 mg, 0.023 
mmol), DMAP (0.1 mg, 0.001 mmol), and DCC (4.5 mg, 0.022 mmol). After stirring for 1 h the 
reaction was at completion. The complete reaction mixture was purified using flash 
chromatography (10% to 30% ethyl acetate in hexanes) to yield the desired mixture (6.4 mg, 
64%). 1H NMR (C6D6, 500 MHz) δ 7.58 (d, J = 7.5 Hz, 2H), 7.28-7.31 (m, 3H), 5.36 (dd, J = 
8.5, 4.0 Hz, 1H), 5.10 (s, 0.89H), 5.03 (s, 0.11H), 4.99 (s, 0.89H), 4.97 (s, 0.11H), 4.75 (s, 1H), 
3.84 (dd, J = 9.5, 6.0 Hz, 0.89H), 3.77 (dd, J = 8.0, 3.0 Hz, 0.89H), 3.69-3.82 (m, 0.33H), 3.62 
(d, J = 9.0 Hz, 0.89H), 3.29 (s, 3H), 3.11-3.28 (m, 0.22H), 3.07 (d, J = 8.5 Hz, 0.89H), 2.89 (d, J 
= 10.0 Hz, 0.89H), 2.70-2.76 (m, 0.11H), 2.61 (d, J = 12.0 Hz, 0.89H), 1.38-2.43 (m, 20H), 1.35 
(s, 3H), 1.29 (s, 3H), 1.25 (s, 6H), 1.04-1.12 (m, 18H), 0.73-0.79 (m, 6H), 0.63-0.69 (m, 6H).  
 
(S)-5-((2R,5R,6R)-5-Hydroxy-6-
((3S,7S)-3-hydroxy-7-((2R,5R)-2-
methyl-5-(2-(triethylsilyloxy)propan-
2-yl)tetrahydrofuran-2-yl)-4-methylene-7-(triethylsilyloxy)heptyl)-5-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-5-methyldihydrofuran-2(3H)-one (2.126): To a 
solution of carbonate 2.123 (65 mg, 0.085 mmol) in methanol (3.0 mL) at rt was added K2CO3 
(23 mg, 0.16 mmol). The reaction was stirred overnight and then quenched with H2O (5 mL). 
The mixture was extracted with ethyl acetate (3 x 5 mL), dried (Na2SO4), and concentrated. The 
resudue was purified by flash chromatography (50% ethyl acetate in hexanes to 100% ethyl 
acetate) to obtain the triol (57 mg, 91%): 1H NMR (CDCl3, 400 MHz) δ 5.04 (s, 1H), 4.86 (s, 
1H), 4.11 (m, 1H), 3.81 (dd, J = 12.0, 7.6 Hz, 1H), 3.67 (dd, J = 11.6, 6.8 Hz, 1H), 3.64 (dd, J = 
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8.4, 6.0 Hz, 1H), 3.54 (dd, J = 8.0, 3.2 Hz, 1H), 3.47 (dd, J = 11.2, 2.0 Hz, 1H), 3.27 (dd, 10.4, 
2.0 Hz, 1H), 2.69 (ddd, J = 18.0, 10.4, 8.0 Hz, 1H), 2.53 (ddd, J = 15.2, 10.4, 4.8 Hz, 1H), 2.27-
2.36 (m, 2H), 2.07-2.15 (m, 2H), 1.85-1.98 (m, 4H), 1.66-1.82 (m, 7H), 1.39-1.57 (m, 4H), 1.36 
(s, 3H), 1.19 (s, 3H), 1.17 (s, 3H), 1.09 (s, 3H), 0.97 (t, J = 8.0 Hz, 9H), 0.95 (t, J = 8.0 Hz, 9H), 
0.63 (q, J = 8.0 Hz, 6H), 0.58 (q, J = 8.0 Hz, 6H); 13C NMR (CDCl3, 100 MHz) δ 177.4, 152.1, 
108.9, 87.1, 85.8, 84.4, 82.6, 77.7, 74.3, 74.0, 70.9, 62.5, 34.1, 33.3, 33.0, 32.1, 29.8, 29.5, 29.2, 
27.9, 26.3, 25.5, 24.5, 24.0, 22.9, 22.7, 7.2, 7.1, 6.7, 5.5; IR (neat) 3395, 2955, 2877, 1773, 1458, 
1239, 1100, 1067, 740 cm-1; HRMS (ESI) m/z calcd for C39H74O9Si2Na [M+Na]+ 765.4769, 
found 765.4795; [α]D = +1.14 (c 1.14, CHCl3). 
 
((2R,3R,6R)-3-Hydroxy-2-((3S,7S)-3-
hydroxy-7-((2R,5R)-2-methyl-5-(2-
(triethylsilyloxy)propan-2-
yl)tetrahydrofuran-2-yl)-4-methylene-7-(triethylsilyloxy)heptyl)-6-((S)-2-methyl-5-
oxotetrahydrofuran-2-yl)tetrahydro-2H-pyran-3-yl)methyl 4-methylbenzenesulfonate 
(2.127): To a solution of triol 2.126 (50 mg, 0.067 mmol) in CH2Cl2 (0.25 mL) at rt was added 
TsCl (13 mg, 0.067 mmol), triethylamine (9.3 µL, 0.067 mmol) and dibutyltin oxide (0.3 mg, 
0.001 mmol). The reaction was stirred for 2 h, then the mixture was concentrated. The residue 
was purified by flash chromatography (10% to 40% ethyl acetate in hexanes) to provide the 
desired tosylate (57 mg, 94%): 1H NMR (CDCl3, 400 MHz) δ 7.82 (d, J = 8.4 Hz, 2H), 7.39 (d, J 
= 8.0 Hz, 2H), 5.01 (s, 1H), 4.85 (s, 1H), 4.25 (d, J = 10.8 Hz, 1H), 4.07 (m, 2H), 3.64 (dd, J = 
9.2, 6.4 Hz, 1H), 3.53 (dd, J = 8.0, 2.8 Hz, 1H), 3.44 (dd, J = 11.6, 2.4 Hz, 1H), 3.25 (dd, 10.8, 
1.6 Hz, 1H), 2.49-2.64 (m, 2H), 2.48 (s, 3H), 2.18-2.31 (m, 2H), 2.07-2.14 (m, 2H), 1.67-1.99 
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(m, 8H), 1.41-1.64 (m, 6H), 1.29 (s, 3H), 1.19 (s, 3H), 1.17 (s, 3H), 1.08 (s, 3H), 0.96 (t, J = 8.0 
Hz, 9H), 0.95 (t, J = 8.0 Hz, 9H), 0.63 (q, J = 8.0 Hz, 6H), 0.58 (q, J = 8.0 Hz, 6H); 13C NMR 
(CDCl3, 100 MHz) δ 177.1, 151.9, 145.3, 132.4, 130.0, 128.0, 108.9, 87.1, 86.7, 85.8, 83.8, 82.6, 
77.7, 74.0, 74.0, 70.9, 70.2, 34.1, 32.9, 32.7, 32.0, 29.6, 29.5, 29.1, 27.9, 26.3, 25.5, 23.9, 23.5, 
22.7, 22.7, 21.6, 7.1, 7.1, 6.7, 5.5; IR (neat) 3408, 2955, 2875, 1771, 1458, 1362, 1100, 740 cm-1; 
HRMS (ESI) m/z calcd for C46H80O11SSi2Na [M+Na]+ 919.4858, found 919.4916; [α]D = +6.10 
(c 1.09, CHCl3). 
 
(S)-5-((2R,5S,6R)-5-Hydroxy-6-
((3S,7S)-3-hydroxy-7-((2R,5R)-2-
methyl-5-(2-(triethylsilyloxy)propan-
2-yl)tetrahydrofuran-2-yl)-4-methylene-7-(triethylsilyloxy)heptyl)-5-methyltetrahydro-2H-
pyran-2-yl)-5-methyldihydrofuran-2(3H)-one (2.128): To a solution of tosylate 2.127 (50 mg, 
0.056 mmol) in HMPA (0.40 mL) was added NaBH4 (5.5 mg, 0.17 mmol). The reaction was 
warmed to 50 °C and stirred for 3 h. The mixture was cooled to rt and quenched with aqueous 
NH4Cl (2 mL). EtOAc (10 mL) was added and the mixture was washed with H2O (3 x 10 mL). 
The organic layer was dried (Na2SO4) and concentrated. The residue was purified by flash 
chromatography (20% to 70% ethyl acetate in hexanes) to obtain the diol (31 mg, 76%): 1H 
NMR (CDCl3, 400 MHz) δ 5.04 (s, 1H), 4.86 (s, 1H), 4.11 (m, 1H), 3.64 (dd, J = 8.0, 6.0 Hz, 
1H), 3.55 (dd, J = 8.0, 2.8 Hz, 1H), 3.42 (dd, J = 11.2, 2.4 Hz, 1H), 3.11 (d, 8.8 Hz, 1H), 2.69 
(ddd, J = 18.0, 10.4, 8.4 Hz, 1H), 2.52 (ddd, J = 15.2, 10.4, 4.8 Hz, 1H), 2.35 (ddd, J = 15.2, 
10.4, 4.8 Hz, 1H), 2.10 (m, 1H), 1.60-2.00 (m, 12H), 1.43-1.54 (m, 4H), 1.36 (s, 3H), 1.19 (s, 
3H), 1.19 (s, 3H), 1.17 (s, 3H), 1.09 (s, 3H), 0.97 (t, J = 8.0 Hz, 9H), 0.95 (t, J = 8.0 Hz, 9H), 
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0.63 (q, J = 8.0 Hz, 6H), 0.58 (q, J = 8.0 Hz, 6H); 13C NMR (CDCl3, 100 MHz) δ 177.4, 152.1, 
108.9, 87.1, 87.1, 85.8, 84.9, 82.4, 77.7, 74.3, 74.0, 69.4, 39.2, 34.2, 32.6, 32.1, 29.8, 29.7, 29.1, 
27.9, 26.3, 25.5, 24.5, 24.5, 22.8, 22.7, 20.2, 7.1, 7.1, 6.7, 5.5; IR (neat): 3399, 2954, 2875, 1775, 
1459, 1239, 1099, 1015, 740 cm-1; HRMS (ESI) m/z calcd for C39H74O8Si2Na [M+Na]+ 
749.4820, found 749.4899; [α]D = +8.26 (c 1.00, CHCl3). 
 
(S)-5-Methyl-5-((2R,4aS,6R,8aR)-4a-
methyl-6-((S)-5-((2R,5R)-2-methyl-5-(2-
(triethylsilyloxy)propan-2-
yl)tetrahydrofuran-2-yl)-5-(triethylsilyloxy)pent-1-en-2-yl)octahydropyrano[3,2-b]pyran-2-
yl)dihydrofuran-2(3H)-one (2.129): Under an inert atmosphere, a solution of Me3PC(H)CN 
(2.38) (13.3 mg, 0.116 mmol) in benzene (1.5 mL) was added to a vial containing diol 2.128 (14 
mg, 0.019 mmol). The vial was sealed and heated to 80 °C. The reaction mixture was stirred for 
16 hours, then was cooled, concentrated, and purified by flash chromatography (5% to 30% ethyl 
acetate in hexanes) to yield the polyether (5.4 mg, 40%): 1H NMR (CDCl3, 600 MHz) δ 5.01 (s, 
1H), 4.86 (s, 1H), 4.28 (dd, J = 7.8, 4.2 Hz, 1H), 3.63 (dd, J = 9.6, 6.6 Hz, 1H), 3.54 (m, 2H), 
3.48 (dd, J = 11.4, 6.0 Hz, 1H), 2.68 (ddd, J = 18.0, 10.2, 8.4 Hz, 1H), 2.50 (ddd, J = 18.0, 10.2, 
8.4 Hz, 1H), 2.38 (ddd, J = 13.2, 10.8, 4.8 Hz, 1H), 2.31 (m, 1H), 2.07 (m, 2H), 1.96 (m, 1H), 
1.76-1.90 (m, 5H), 1.71 (m, 1H), 1.47-1.64 (m, 7H), 1.35 (s, 3H), 1.24 (s, 3H), 1.18 (s, 3H), 1.17 
(s, 3H), 1.08 (s, 3H), 0.97 (t, J = 7.8 Hz, 9H), 0.95 (t, J = 7.8 Hz, 9H), 0.63 (q, J = 7.8 Hz, 6H), 
0.58 (q, J = 7.8 Hz, 6H); 13C NMR (CDCl3, 150 MHz) δ 177.3, 151.9, 109.3, 87.2, 87.1, 85.8, 
82.7, 78.7, 77.9, 74.0, 72.7, 72.0, 38.3, 34.4, 32.3, 29.8, 29.6, 29.2, 27.9, 26.4, 26.2, 25.5, 24.3, 
23.3, 22.6, 21.6, 19.6, 7.2, 7.1, 6.7, 5.5; IR (neat) 2954, 2875, 1778, 1460, 1239, 1099, 1041, 726 
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cm-1; HRMS (ESI): m/z calcd for C39H72O7Si2Na [M+Na]+ 731.4714, found 731.4771; [α]D = –
2.67 (c 0.50, CHCl3). 
 
Lactodehydrothyrsiferol (2.1): To a solution 
of 1.129 (5.2 mg, 7.3 µmmol) in THF (0.1 mL) 
at rt was added 1.0 M TBAF in THF (18 µL, 
18 µmol). The reaction stirred for 6 h, then was concentrated.   The residue was purified by flash 
chromatography (10% to 80% ethyl acetate in hexanes) to obtain the natural product (2.7 mg, 
77%): 1H NMR (CDCl3, 600 MHz) δ 5.06 (s, 1H), 4.90 (s, 1H), 4.29 (dd, J = 7.2, 4.0 Hz, 1H), 
3.77 (dd, J = 10.3, 5.4 Hz, 1H), 3.53-3.55 (m, 2H), 3.47 (dd, J = 11.2, 5.2 Hz, 1H), 2.68 (ddd, J = 
18.0, 9.6, 9.0 Hz, 1H), 2.44-2.53 (m, 3H), 2.38 (m, 2H), 2.06-2.21 (m, 3H), 1.81-1.90 (m, 6H), 
1.59-1.67 (m, 5H), 1.45-1.50 (m, 2H), 1.35 (s, 3H), 1.27 (s, 3H), 1.23 (s, 3H), 1.15 (s, 3H), 1.14 
(s, 3H); 13C NMR (CDCl3, 150 MHz) δ 177.3, 151.1, 110.0, 87.6, 87.2, 86.1, 82.7, 78.8, 76.1, 
72.6, 72.2, 70.4, 38.3, 31.5, 29.8, 29.7, 29.4, 29.2, 27.7, 26.6, 26.1, 24.2, 24.0, 23.8, 23.3, 21.6, 
19.5; IR (neat) 3438, 2925, 2854, 1770, 1454, 1378, 1152, 1096 cm-1; HRMS (ESI) m/z calcd for 
C27H44O7Na [M+Na]+ 503.2985, found 503.3026; [α]D = 5.10 (c 0.68, CHCl3). 
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APPENDIX B 
OXIDATIVE BIMOLECULAR COUPLING REACTION (SUPPORTING 
INFORMATION) 
General Experimental Proton (1H NMR) and carbon (13C NMR) nuclear magnetic resonance 
spectra were recorded on a Bruker Avance 300 spectrometer at 300 MHz and 75 MHz, a Bruker 
Avance 400 spectrometer at 400 MHz and 100 MHz, and a Bruker Avance 500 spectrometer at 
500 MHz and 125 MHz, respectively. The chemical shifts are given in parts per million (ppm) on 
the delta (δ) scale. The solvent peaks was used as a reference value, for 1H NMR: CDCl3 = 7.27 
ppm, for 13C NMR: CDCl3 = 77.0.   Data are reported as follows: (s = singlet; d = doublet; t = 
triplet, q = quartet; dd = doublet of doublets; ddd = doublet of doublet of doublets; dt = doublet 
of triplet; br = broad; app = apparently). High resolution and low resolution mass spectra were 
recorded on a VG 7070 spectrometer using electron ionization (EI) or electron spray ionization 
(ESI). Infrared (IR) spectra were collected on a Mattson Cygnus 100 spectrometer. Samples for 
IR were prepared as a thin film on a NaCl plate by dissolving the compound in CH2Cl2 and then 
evaporating the CH2Cl2. Tetrahydrofuran and diethyl ether were dried by passage through an 
activated alumina column under positive N2 pressure. Methylene chloride and acetonitrile and 
were distilled under N2 from CaH2. Analytical TLC was performed on E. Merck pre-coated (25 
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nm) silica gel 60F-254 plates. Visualization was done under UV light (254 nm).   Flash 
chromatography was done using ICN SiliTech 32-63 60 Å silica gel. Reagent grade ethyl acetate, 
diethyl ether, pentane and hexanes (commercial mixture) were purchased from EM Science and 
used as is for chromatography. All reactions were performed in oven or flame-dried glassware 
under a positive pressure of N2 with magnetic stirring unless otherwise noted.    
 
 
 
General Procedure for the Oxidative Coupling To a solution of benzopyran (1.0 equiv.) in 
freshly distilled acetonitrile (0.1 M) at 0 °C was added LiClO4 (1.5 equiv.) and 4 Å MS (250 
mg/mmol). After 5 min, DDQ (1.3 equiv.) was added to the reaction mixture and it was stirred 
until TLC analysis showed complete starting material consumption. The nucleophile (2.0 equiv.) 
was added and the reaction was stirred until completion (monitored via TLC analysis). The 
reaction was quenched with 10% aqueous NaHCO3 solution (10 mL). The reaction mixture was 
extracted with diethyl ether (3 x 10 mL), dried over MgSO4, and concentrated under vacuum. 
The crude mixture was purified by flash chromatography. 
 
2-Allyl-2H-chromene (3.11): The general procedure for the oxidative 
coupling was followed using benzopyran 3.9119 (264 mg, 2.00 mmol), 
LiClO4 (319 mg, 3.00 mmol), 4 Å MS (500 mg), DDQ (590 mg, 2.60 mmol), and acetonitrile (20 
mL). After 30 min the oxidation was complete and allyl trimethylsilane (3.10) (457 mg, 4.00 
mmol) was added. The reaction was complete after 30 min and was purified using flash 
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chromatography (1% to 5% ethyl acetate in hexanes) to yield the substituted benzopyran (254 
mg, 74%): 1H NMR (CDCl3, 400 MHz) δ 7.02 (td, J = 7.6, 1.6 Hz, 1H), 6.88 (dd, J = 7.6, 1.6 
Hz, 1H), 6.76 (t, J = 7.6 Hz, 1H), 6.70 (d, J = 8.0 Hz, 1H), 6.33 (d, J = 9.6 Hz, 1H), 5.82 (ddt, J 
= 17.2, 10.4, 7.2 Hz, 1H), 5.61 (dd, J = 9.6, 3.2 Hz, 1H), 5.07 (d, J = 9.6 Hz, 1H), 5.04 (s, 1H), 
4.82-4.85 (m, 1H), 2.46-2.53 (m, 1H), 2.34-2.41 (m, 1H); 13C NMR (CDCl3, 125 MHz) δ 153.3, 
133.3, 129.1, 126.4,125.0,124.2, 121.8, 121.0, 117.8, 115.9, 74.7, 39.7; IR (neat) 3075, 2934, 
1640, 1605, 1486, 1271, 1206, 1041, 754 cm-1, HRMS (ESI) m/z calcd for C12H11O [M–H]+ 
171.0810, found 171.0813. 
 
(E)-1-Iodohex-1-ene (3.86): To a solution of zirconocene dichloride (13.7 g, 
46.9 mmol) in THF (100 mL) at 0 °C was added a 1.0 M solution of DIBAL in hexanes (46.9 
mL, 46.9 mmol) drop wise over 30 min. After stirring for an additional 30 min., 1-hexyne (3.16) 
(4.16 g, 50.6 mmol) was added and the reaction mixture was allowed to warm to rt and stirred 
for 1 h. The reaction was cooled to –78 °C and iodine (12.8 g, 50.6 mmol) was added to the 
mixture. After 30 min at this temperature, the reaction was warmed to rt and stirred for an 
additional 1.5 h. The resulting solution was cooled to 0 °C and quenched with H2O (50 mL), a 
saturated solution of NaHCO3 (100 mL), and a saturated solution of sodium potassium tartrate 
(100 mL). The biphasic mixture was stirred vigorously for 2 h and the layers were separated. The 
aqueous layer was extracted with hexanes (3 x 100 mL). The combined organic layers were dried 
over MgSO4 and concentrated under vacuum. The crude residue was purified using flash 
chromatography (100% hexanes) to yield the vinyl iodide (7.50 g, 76%): 1H NMR (CDCl3, 400 
MHz) δ 6.52 (quin, J = 7.2 Hz, 1H), 5.98 (dt, J = 14.0, 1.2 Hz, 1H), 2.07 (qd, J = 7.2, 1.2 Hz, 
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2H), 1.29-1.55 (m, 2H), 0.89 (t, J = 7.2 Hz, 3H). These data are consistent with literature 
values.148 
 
(E)-1-(Trimethylsilyl)-hept-2-ene (3.17): To a flask containing vinyl 
iodide 3.86 (7.50 g, 35.7 mmol) in dry, degassed THF (100 mL) at 0 °C was added Pd(PPh3)4 
(1.03 g, 0.893 mmol) and a 1.0 M solution of (trimethylsilyl)methylmagnesium chloride in 
diethyl ether (46.4 mL, 46.4 mmol). After 2 h, the reaction was quenched with H2O (50 mL) and 
a saturated solution of NH4Cl (50 mL). The aqueous layer was extracted with hexanes (3 x 50 
mL), dried over MgSO4, and concentrated under vacuum. The crude residue was purified using 
flash chromatography (100% hexanes) to yield the silane (5.28 g, 87%): 1H NMR (CDCl3, 300 
MHz) δ 5.33-5.43 (m, 1H), 5.19-5.29 (m, 1H),1.98 (q, J = 8.8 Hz, 2H), 1.39 (d, J = 10.4 Hz, 
2H), 1.28-1.32 (m, 4H), 0.89 (t, J = 8.8 Hz, 3H), –0.01 (s, 9H). These data are consistent with 
literature values.149 
 
1-(Trimethylsilyl)-hept-2-yne (3.87): To a solution of 1-hexyne (2.87 
g, 35.0 mmol) in THF (45 mL) at –30 °C was added a 1.6 M solution of n-butyllithium in 
hexanes (18.9 mL, 30.3 mmol) drop wise. The solution was warmed to 0 °C and stirred for 30 
min. (Trimethylsilyl)methyl iodide (5.00 g, 23.3 mmol) was added and the reaction was warmed 
to rt over 30 min. The solution was refluxed at 60 °C for 16 h before cooling to rt and quenching 
with H2O (50 mL). The aqueous layer was extracted with pentane (3 x 40 mL), dried over 
MgSO4, and concentrated under vacuum. The crude residue was purified using flash 
chromatography (2% diethyl ether in hexanes) to yield the silane (3.32 g, 100%): 1H NMR 
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(CDCl3, 400 MHz) δ 2.13-2.18 (m, 2H), 1.36-1.55 (m, 6H), 0.90 (t, J = 4.0 Hz, 3H), 0.10 (s, 9H). 
These data are consistent with literature values.150 
 
(Z)-1-(Trimethylsilyl)-hept-2-ene (3.18): To a flask containing sodium 
borohydride (0.149 g, 3.93 mmol) in ethanol (4.75 mL) was added a 1.0 M 
aqueous solution of NaOH (0.25 mL). This solution was sonicated for 5 min and the remaining 
solids were filtered away. This NaBH4 solution was then added to a flask containing 
Ni(OAc)2·4H2O (1.03 g, 4.15 mmol) in ethanol (300 mL). After stirring for 5 min, 
ethylenediamine (0.55 mL, 8.28 mmol) was added. After stirring for an additional 5 min, silane 
3.87 (3.50 g, 20.7 mmol) was added and the N2 atmosphere was replaced with an H2 atmosphere 
using a balloon. The reaction mixture stirred vigorously for 3 h and was then quenched with H2O 
(300 mL). The solution was extracted with hexanes (3 x 200 mL), dried over MgSO4, and was 
concentrated under vacuum. The crude residue was purified using flash chromatography (2% 
diethyl ether in pentanes) to yield the silane (3.31 g, 94%): 1H NMR (CDCl3, 500 MHz) δ 5.36-
5.42 (m, 1H), 5.24-5.30 (m, 1H), 1.97-2.01 (2H, m), 1.47 (dt, J = 8.5, 0.5 Hz, 2H), 1.27-1.36 (m, 
2H), 0.89 (t, J = 7.0 Hz, 3H), 0.01 (s, 9H). These data are consistent with literature values.149 
 
(E)-Crotyl trimethylsilane (3.20): To a suspension of LAH (6.51 g, 171 mmol) 
in dimethoxyethane (100 mL) at 0 °C was added 2-butyn-1-ol (3.19) (10.0 g, 142 mmol) via 
dimethoxyethane (25 mL) over 20 min. The reaction was warmed to rt and stirred for 48 h before 
cooling to 0 °C and quenching carefully with H2O (6.5 mL), 15% aqueous NaOH (6.5 mL), and 
H2O (19.5 mL). The remaining solids were filtered off using diethyl ether to wash the solid and 
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the solution was concentrated at 0 °C under minimal pressure to avoid loss desired product. The 
resulting oil was used in the next step without further purification.   
To a solution of the crude (E)-crotyl alcohol (10.1 g, 140 mmol) in diethyl ether (150 
mL) at 0 °C was added PBr3 (7.98 mL, 84.0 mmol) drop wise. After 1 h, the reaction was 
quenched by pouring the solution into a beaker of iced H2O. The resulting biphasic mixture was 
extracted with diethyl ether (3 x 150 mL) and dried over MgSO4. The solution was concentrated 
at 0 °C under minimal pressure to avoid loss desired product. The resulting oil was used in the 
next step without further purification.  
CuCl (0.354 g, 3.56 mmol) was placed into a flask under an inert atmosphere in a glove 
box. The flask was sealed and removed from the glove box where dry, degassed diethyl ether (75 
mL) and triethylamine (26.3 mL, 190 mmol) added at 0 °C. The crude (E)- crotyl bromide (16.0 
g, 119 mmol) was combined with HSiCl3 (25.7 g, 190 mmol) and added over 20 min before 
stirring the reaction for 1 h at 0 °C and 1 h at rt. The resulting solids were removed by passing 
the solution through a pad of Celite via diethyl ether. The solution was concentrated at 0 °C 
under minimal pressure to avoid loss desired product. The resulting oil was used in the next step 
without further purification. 
To a flask containing diethyl ether (100 mL) at 0 °C was added a 3.0 M solution 
methylmagnesium iodide in diethyl ether (130 mL, 389 mmol). The crude (E)-crotyl 
trichlorosilane (16.4 g, 86.5 mmol) was added drop wise over 30 min. The resulting solution was 
refluxed at 40 °C for 16 hours. The reaction was cooled to 0 °C and quenched carefully with a 
saturated solution of NH4Cl (100 mL). The biphasic mixture was extracted with diethyl ether (3 
x 50 mL) and dried over MgSO4. . The solution was concentrated at 0 °C under minimal pressure 
to avoid loss desired product. The resulting oil was distilled (114 °C) to obtain pure (E)-crotyl 
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silane (6.62 g, 36% over 4 steps): 1H NMR (CDCl3, 300 MHz) δ 5.35-5.46 (m, 1H), 5.20-5.32 
(m, 1H), 1.65 (dd, J = 6.0, 1.2 Hz, 3H), 1.39 (dt, J = 7.5, 1.2 Hz, 2H), -0.01 (s, 9H). These data 
are consistent with literature values.151 
 
(E)-2-(Dec-1-enyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.88): To 
a solution on 1-decyne (3.24) (1.00 g, 7.39 mmol) in CH2Cl2 (3.6 mL) at 
0 °C was added pinacolborane (0.972 g, 7.59 mmol) and HZrCp2Cl (0.093 g, 0.362 mmol). The 
solution was warmed to rt and stirred for 16 h. The reaction mixture was quenched with H2O (10 
mL) and extracted with diethyl ether (3 x 10 mL). The organic layer was dried over MgSO4 and 
concentrated under vacuum. The crude residue was purified using flash chromatography (1% to 
5% diethyl ether in hexanes) to yield the borane (1.50 g, 78%): 1H NMR (CDCl3, 400 MHz) δ 
6.65 (dt, J = 18.0, 6.4 Hz, 1H), 5.43 (d, J = 18.0 Hz, 1H), 2.16 (q, J = 6.8 Hz, 2H), 1.34-1.43 (m, 
2H), 1.27 (m, 22H), 0.89 (t, J = 6.8 Hz, 3H). These data are consistent with literature values.152 
 
Potassium (E)-dec-1-enyltrifluoroborate (3.25): To a solution of borane 
3.88 (1.50 g, 5.63 mmol) in acetonitrile (14 mL) was added KHF2 (1.55 g, 19.9 mmol) and H2O 
(4.6 mL). The solution was stirred for 2 h and was concentrated. The resulting solid was 
dissolved in hot acetone and filtered to remove undesired salts. The filtrate was concentrated and 
taken up in minimal volume of hot acetone to dissolve the solid completely. Adding diethyl ether 
to the solution solidified the desired product. The solid was collected by vacuum filtration to 
yield the trifluoroborate salt (0.831 g, 60%): 1H NMR (DMSO-d6, 400 MHz) δ 5.44 (dt, J = 17.2, 
6.0 Hz, 1H), 5.15-5.22 (m, 1H), 1.85 (q, J = 6.0 Hz, 2H), 1.21-1.29 (m, 12H), 0.85 (t, J = 6.8 Hz, 
3H). These data are consistent with literature values.153 
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Potassium dec-1-ynyltrifluoroborate (3.26): To a solution of 1-decyne (3.24) 
(3.00 g, 21.6 mmol) in THF (45 mL) at –78 °C was added a 1.6 M solution of 
n-butyllithium in hexanes (13.6 mL, 21.6 mmol) drop wise. After 1 h, trimethyl borate (3.61 mL, 
32.4 mmol) was added. The solution was stirred for 1 h at –78 °C and warmed to 0 °C where it 
was stirred for an additional hour. KHF2 (10.1 g, 130 mmol) was added via H2O (10 mL) slowly. 
The solution was stirred for 1 h at 0 °C and warmed to rt where it was stirred for an additional 
hour before being concentrated under reduced pressure. The crude solid was placed under high 
vacuum for 16 hours. The resulting solid was dissolved in hot acetone and filtered to remove 
undesired salts. The filtrate was concentrated and taken up in a minimal volume of hot acetone to 
dissolve the solid completely. Adding diethyl ether to the solution solidified the desired product. 
The solid was collected by vacuum filtration to yield the trifluoroborate salt (3.14 g, 60%): 1H 
NMR (DMSO-d6, 300 MHz) δ 1.95 (t, J = 6.4 Hz, 2H), 1.23-1.31 (m, 12H), 0.84 (t, J = 6.8 Hz, 
3H). These data are consistent with literature values.154 
 
2-(Dec-1-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.89): To a 
solution of NiCl2(dppp) (0.163 g, 0.300 mmol) in THF at 0 °C was added a 
1.0 M solution of DIBAL in hexanes (13.0 mL, 13.0 mmol) drop wise. After 
stirring for 5 min, the reaction mixture was warmed to rt for 10 min and then cooled back to 0 
°C. 1-Decyne (3.24) (1.38 g, 10.0 mmol) was added slowly and the reaction mixture was 
warmed to rt for 2 h. The reaction was cooled to 0 °C and 2-methoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (4.74 g, 30.0 mmol) was added. The solution was allowed to warm to rt and 
continued to be stirred for 16 h. The reaction mixture was quenched with H2O (50 mL), extracted 
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with diethyl ether (3 x 50 mL), dried over MgSO4, concentrated under reduced pressure. The 
crude residue was purified using flash chromatography (5% ethyl acetate in hexanes) to yield the 
borane (2.04 g, 77%): 1H NMR (CDCl3, 400 MHz) δ 5.75 (d, J = 3.2 Hz, 1H), 5.59 (s, 1H), 2.13 
(t, J = 7.2 Hz, 2H), 1.36-1.42 (m, 2H), 1.20-1.27 (m, 22H), 0.88 (t, J = 6.8 Hz, 3H). These data 
are consistent with literature values.152 
 
Potassium dec-1-en-2-yltrifluoroborate (3.27): To a solution of borane 3.89 
(2.04 g, 7.68 mmol) in acetonitrile (15 mL) was added KHF2 (1.80 g, 23.0 mmol) 
and H2O (5.0 mL). The solution was stirred for 2 h and was concentrated. The resulting solid was 
dissolved in hot acetone and filtered to remove undesired salts. The filtrate was concentrated and 
dissolved in a minimal volume of hot acetone to dissolve the solid completely. Adding diethyl 
ether to the solution solidified the desired product. The solid was collected by vacuum filtration 
to yield the trifluoroborate salt (1.34 g, 71%): 1H NMR (DMSO-d6, 300 MHz) δ 4.79 (d, J = 5.4 
Hz, 1H), 4.69 (s, 1H), 1.88 (t, J = 6.9 Hz, 2H), 1.24-1.35 (m, 12H), 0.88 (t, J = 6.6 Hz, 3H); 13C 
NMR (DMSO-d6, 125 MHz) δ 112.2, 112.2, 36.3, 31.5, 29.6, 29.3, 28.9, 28.5, 22.2,14.0; 11B 
NMR (DMSO-d6, 125 MHz) δ 2.62; 19F NMR (DMSO-d6, 376 MHz) δ -140.9; IR (neat) 2917, 
2849, 1577, 1540, 1466, 1422, 1155, 1107; HRMS (ESI) m/z calcd for C10H19BF3K [M]+ 
246.1169, found 246.1148, mp > 245 °C.. 
 
Potassium phenyltrifluoroborate (3.29): To a solution of phenylboronic acid 
(3.28) (3.00 g, 24.6 mmol) in methanol (7.5 mL) was added a 4.5 M aqueous 
solution of KHF2 (18.8 mL, 81.9 mmol). After 30 min the reaction mixture was filtered and the 
solid was washed with cold acetonitrile. The collected solid was recrystallized from acetonitrile 
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to yield the trifluoroborate salt (4.25 g, 94%): 1H NMR (DMSO-d6, 400 MHz) δ 7.38 (d, J = 5.6 
Hz, 2H), 7.06-7.12 (m, 3H). This data are consistent with literature values.155 
 
(±)-(S)-2-((R)-Hept-1-en-3-yl)-2H-chromene (3.31): The general 
procedure for the oxidative coupling was followed using benzopyran 
3.9119 (132 mg, 1.00 mmol), LiClO4 (160 mg, 1.50 mmol), 4 Å MS (250 mg), DDQ (295 mg, 
1.30 mmol), and acetonitrile (10 mL). After 30 min the oxidation was complete and silane 3.17 
(341 mg, 2.00 mmol) was added. The reaction was complete after 16 h and was purified using 
flash chromatography (1% to 5% ethyl acetate in hexanes) to yield the substituted benzopyran 
(144 mg, 63%): 1H NMR (CDCl3, 400 MHz) δ 7.09 (td, J = 7.6, 1.6 Hz, 1H), 6.94 (dd, J = 7.2, 
1.2 Hz, 1H), 6.83 (td, J = 7.2, 0.8 Hz, 1H), 6.75 (d, J = 8.0 Hz, 1H), 6.42 (dd, J = 10.0, 1.2 Hz, 
1H), 5.68-5.76 (m, 1H), 5.66 (dd, J = 10.0, 3.2 Hz, 1H), 5.11 (dd, J = 10.0, 1.6 Hz, 1H), 5.06 
(dd, J = 16.8, 1.2 Hz, 1H), 4.85-4.87 (m, 1H), 2.37 (sep, J = 4.8 Hz, 1H), 1.59-1.68 (m, 1H), 
1.41-1.51 (m, 1H), 1.19-1.37 (m, 4H), 0.90 (t, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 
153.9, 138.0, 129.0, 126.4, 124.4, 124.3, 121.9, 120.8, 116.9, 115.7, 77.8, 49.6, 29.5, 29.4, 22.7, 
14.0; IR (neat) 3073, 2928, 2857, 1639, 1486, 1230, 1206, 1040, 915, 753; HRMS (ESI) m/z 
calcd for C16H21O [M+H]+ 229.1592, found 229.1594.  
 
(±)-(S)-2-((S)-Hept-1-en-3-yl)-2H-chromene (3.32): The general 
procedure for the oxidative coupling was followed using benzopyran 
3.9119 (132 mg, 1.00 mmol), LiClO4 (160 mg, 1.50 mmol), 4 Å MS (250 mg), DDQ (295 mg, 
1.30 mmol), and acetonitrile (10 mL). After 30 min the oxidation was complete and silane 3.18 
(341 mg, 2.00 mmol) was added. The reaction was complete after 16 h and was purified using 
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flash chromatography (1% to 5% ethyl acetate in hexanes) to yield the substituted benzopyran 
(6:1 anti:syn) (117 mg, 51%): 1H NMR (CDCl3, 500 MHz) δ 7.09 (td, J = 8.0, 1.5 Hz, 1H), 6.95 
(dd, J = 7.0, 1.5 Hz, 1H), 6.83 (td, J = 7.5, 1.0 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 6.41 (dd, J = 
10.0, 1.0 Hz, 1H), 5.65-5.72 (m, 2H), 5.11 (dd, J = 10.5, 2.0 Hz, 1H), 5.07 (dd, J = 17.0, 1.0 Hz, 
1H), 4.74-4.76 (m, 1H), 2.37-2.43 (m, 1H), 1.72-1.78 (m, 1H), 1.16-1.38 (m, 5H), 0.89 (t, J = 7.0 
Hz, 3H); 13C NMR (CDCl3, 125 MHz) δ 153.6, 138.1, 129.1, 126.4, 124.5, 124.2, 122.0, 120.8, 
117.4, 115.8, 77.7, 49.6, 29.3, 29.1, 22.7, 14.0; IR (neat) 3073, 2919, 2852, 1638, 1485, 1229, 
1038, 750; HRMS (ESI) m/z calcd for C19H21O [M+H]+ 229.1592, found 229.1586.  
 
1-(2H-Chromen-2-yl)propan-2-one (3.33): The general procedure for the 
oxidative coupling was followed using benzopyran 3.9119 (132 mg, 1.00 
mmol), LiClO4 (160 mg, 1.50 mmol), 4 Å MS (250 mg), DDQ (295 mg, 1.30 mmol), and 
acetonitrile (10 mL). After 30 min the oxidation was complete and silyl enol ether 3.21 (429 mg, 
2.00 mmol) was added. The reaction was complete after 30 min and was purified using flash 
chromatography (10% to 40% ethyl acetate in hexanes) to yield the substituted benzopyran (trace 
amounts): 1H NMR (CDCl3, 300 MHz) δ 7.14 (td, J = 8.1, 1.2 Hz, 1H), 7.00 (d, J = 6.3 Hz, 1H), 
6.90 (t, J = 7.2 Hz, 1H), 6.79 (d, J = 8.1 Hz, 1H), 6.45 (d, J = 9.9 Hz, 1H), 5.75 (dd, J = 9.6, 3.6 
Hz, 1H), 5.36 (m, 1H), 3.07 (dd, J = 16.2, 7.8 Hz, 1H), 2.72 (dd, J = 15.9, 5.4 Hz, 1H), 2.24 (s, 
3H). 
 
2-(2H-Chromen-2-yl)cyclohexanone (3.34): The general procedure for the 
oxidative coupling was followed using benzopyran 3.9119 (132 mg, 1.00 
mmol), LiClO4 (160 mg, 1.50 mmol), 4 Å MS (250 mg), DDQ (295 mg, 1.30 mmol), and 
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acetonitrile (10 mL). After 30 min the oxidation was complete and enol silane 3.22 (341 mg, 
2.00 mmol) was added. The reaction was complete after 30 min and was purified using flash 
chromatography (5% to 15% ethyl acetate in hexanes) to yield the substituted benzopyran (dr 
1:1.6) (162 mg, 71%): 1H NMR (CDCl3, 400 MHz) δ 7.03-7.12 (m, 1H), 6.92-6.97 (m, 1H), 
6.83-6.86 (m, 1H), 6.78 (d, J = 8.4 Hz, 0.38H), 6.72 (d, J = 8.0 Hz, 0.62H), 6.39-6.45 (m, 1H), 
5.86 (dd, J = 10.0, 3.6 Hz, 0.38H), 5.69 (dd, J = 10.0, 3.2 Hz, 0.62H), 5.47-5.50 (m, 0.62H), 5.17 
(ddd, J = 7.6, 4.0, 1.2 Hz, 0.38H), 2.87-2.93 (m, 0.62H), 2.67-2.74 (m, 0.38H), 2.22-2.47 (m, 
2.62H), 2.04-2.12 (m, 1H), 1.86-1.94 (m, 1.38H), 1.55-1.76 (m, 3H); 13C NMR (CDCl3, 100 
MHz) δ 210.8, 210.6, 153.8, 152.9, 129.1, 126.4, 126.4, 125.4, 124.7, 123.8, 123.0, 121.8, 121.3, 
121.1, 120.9, 115.9, 115.4, 73.8, 73.2, 55.7, 55.3, 42.6, 42.2, 29.6, 27.9, 27.6, 27.4, 24.5, 24.4; 
IR (neat) 3044, 2938, 2862, 1707, 1605, 1485, 1454, 1271, 1230, 1037, 778; HRMS (EI) m/z 
calcd for C15H16O2 [M]+ 228.1150, found 228.1173. 
 
1-(2-(2H-Chromen-2-yl)-1H-pyrrol-1-yl)ethanone (3.35): The general 
procedure for the oxidative coupling was followed using benzopyran 3.9119 
(26 mg, 0.20 mmol), LiClO4 (32 mg, 0.30 mmol), 4 Å MS (50 mg), DDQ (59 mg, 0.26 mmol), 
and acetonitrile (2.0 mL). After 30 min the oxidation was complete and enol silane 3.23124 (72 
mg, 0.400 mmol) was added. The reaction was complete after 30 min and was purified using 
flash chromatography (5% to 15% ethyl acetate in hexanes) to yield the substituted benzopyran 
(22 mg, 47%): 1H NMR (CDCl3, 500 MHz) δ 7.13 (dd, J = 3.0, 1.5 Hz, 1H), 7.10 (td, J = 7.5, 1.5 
Hz, 1H), 7.00 (dd, J = 7.5, 1.5 Hz, 1H), 6.85 (td, J = 7.5, 1.0 Hz, 1H), 6.79 (d, J = 8.0 Hz, 1H), 
6.64 (d, J = 4.0 Hz, 1H), 6.52 (d, J = 10.0 Hz, 1H), 6.37-6.38 (m, 1H), 6.16 (t, J = 3.0 Hz, 1H), 
5.93 (dd, J = 10.0, 4.0 Hz, 1H), 2.61 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 169.0, 153.0, 134.4, 
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129.2, 126.5, 124.1, 123.3, 122.1, 121.5, 121.1, 116.2, 115.0, 111.8, 69.8, 24.1; IR (neat) 3043, 
2921, 1721, 1484, 1226, 1126, 1037, 939, 756; HRMS (ESI) m/z calcd for C15H13NO2Na 
[M+Na]+ 262.0844, found 262.0851. 
 
1-(2-(2H-Chromen-2-yl)-1H-pyrrol-1-yl)ethanone (3.35): The general 
procedure for the oxidative coupling was followed using benzopyran 3.9119 
(132 mg, 1.00 mmol), LiClO4 (160 mg, 1.50 mmol), 4 Å MS (250 mg), DDQ (295 mg, 1.30 
mmol), and acetonitrile (10 mL). After 30 min the oxidation was complete and acetyl pyrrole 
3.36 (72.5 mg, 0.400 mmol) was added. The reaction was at completion after 16 h and was 
purified using flash chromatography (5% to 15% ethyl acetate in hexanes) to yield the 
substituted benzopyran (78.0 mg, 33%): 1H NMR (CDCl3, 500 MHz) δ 7.13 (dd, J = 3.0, 1.5 Hz, 
1H), 7.10 (td, J = 7.5, 1.5 Hz, 1H), 7.00 (dd, J = 7.5, 1.5 Hz, 1H), 6.85 (td, J = 7.5, 1.0 Hz, 1H), 
6.79 (d, J = 8.0 Hz, 1H), 6.64 (d, J = 4.0 Hz, 1H), 6.52 (d, J = 10.0 Hz, 1H), 6.37-6.38 (m, 1H), 
6.16 (t, J = 3.0 Hz, 1H), 5.93 (dd, J = 10.0, 4.0 Hz, 1H), 2.61 (s, 3H); 13C NMR (CDCl3, 125 
MHz) δ 169.0, 153.0, 134.4, 129.2, 126.5, 124.1, 123.3, 122.1, 121.5, 121.1, 116.2, 115.0, 111.8, 
69.8, 24.1; IR (neat) 3043, 2921, 1721, 1484, 1226, 1126, 1037, 939, 756; HRMS (ESI) m/z 
calcd for C15H13NO2Na [M+Na]+ 262.0844, found 262.0851. 
 
(E)-2-(Dec-1-enyl)-2H-chromene (3.37): The general procedure for the 
oxidative coupling was followed using benzopyran 3.9119 (132 mg, 1.00 
mmol), LiClO4 (160 mg, 1.50 mmol), 4 Å MS (250 mg), DDQ (295 mg, 1.30 mmol), and 
acetonitrile (10 mL). After 30 min the oxidation was complete and trifluoroborate 3.25 (492 mg, 
2.00 mmol) was added. The reaction was complete after 30 min and was purified using flash 
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chromatography (1% to 5% ethyl acetate in hexanes) to yield the substituted benzopyran (176 
mg, 65%): 1H NMR (CDCl3, 400 MHz) δ 7.12 (td, J = 7.2, 1.2 Hz, 1H), 6.98 (dd, J = 7.2, 0.8 
Hz, 1H), 6.86 (t, J = 7.6 Hz, 1H), 6.82 (d, J = 8.0 Hz, 1H), 6.43 (d, J = 9.6 Hz, 1H), 5.81 (dt, J = 
15.2, 6.8 Hz, 1H), 5.65-5.71 (m, 2H), 5.27-5.29 (m, 1H), 2.07 (q, J = 6.8 Hz, 2H), 1.28-1.40 (m, 
12H), 0.91 (t, J = 6.4 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 153.2, 134.5, 129.1, 127.8, 126.4, 
124.7, 123.7, 121.6, 120.9, 116.0, 75.8, 32.1, 31.8, 29.4, 29.2, 29.1, 28.9, 22.7, 14.1; IR (neat) 
3042, 2924, 2853, 1638, 1485, 1456, 1227, 1036, 768; HRMS (ESI) m/z calcd for C19H25O [M–
H]+ 269.1905, found 269.1899. 
 
2-(Dec-1-ynyl)-2H-chromene (3.38): The general procedure for the 
oxidative coupling was followed using benzopyran 3.9119 (132 mg, 1.00 
mmol), LiClO4 (160 mg, 1.50 mmol), 4 Å MS (250 mg), DDQ (295 mg, 
1.30 mmol), and acetonitrile (10 mL). After 30 min the oxidation was complete and 
trifluoroborate 3.26 (488 mg, 2.00 mmol) was added. The reaction was complete after 30 min 
and was purified using flash chromatography (1% to 5% ethyl acetate in hexanes) to yield the 
substituted benzopyran (176 mg, 66%): 1H NMR (CDCl3, 300 MHz) δ 7.15 (td, J = 7.8, 1.5 Hz, 
1H), 7.02 (dd, J = 7.2, 1.2 Hz, 1H), 6.91 (t, J = 7.5 Hz, 1H) 6.88 (d, J = 8.1 Hz, 1H), 6.46 (d, J = 
9.6 Hz, 1H), 5.76 (dd, J = 9.6, 3.9 Hz, 1H), 5.56 (q, J = 1.8 Hz, 1H), 2.21 (td, J = 6.9, 1.8 Hz, 
2H), 1.49 (quin, J = 7.2 Hz, 2H), 1.26-1.34 (m, 10H), 0.90 (t, J = 6.9 Hz, 3H); 13C NMR (CDCl3, 
100 MHz) δ 152.6, 129.3, 126.6, 124.2, 123.0, 121.6, 121.5, 116.4, 87.1, 77.2, 64.9, 31.8, 29.1, 
29.0, 28.8, 28.4, 22.6, 18.8, 14.1; IR (neat) 3045, 2925, 2854, 2277, 2219, 1606, 1485, 1293, 
1198, 1111, 754; HRMS (EI) m/z calcd for C19H24O [M]+ 268.1827, found 268.1864.  
 
 139 
2-(Dec-2-enyl)-2H-chromene (3.39): The general procedure for the 
oxidative coupling was followed using benzopyran 3.9119 (132 mg, 
1.00 mmol), LiClO4 (160 mg, 1.50 mmol), 4 Å MS (250 mg), DDQ (295 mg, 1.30 mmol), and 
acetonitrile (10 mL). After 30 min the oxidation was complete and trifluoroborate 3.27 (492 mg, 
2.00 mmol) was added. The reaction was complete after 30 min and was purified using flash 
chromatography (1% to 5% ethyl acetate in hexanes) to yield the substituted benzopyran (5:1 
olefin mixture) (179 mg, 66%): 1H NMR (CDCl3, 500 MHz) δ 7.11 (td, J = 7.0, 0.8 Hz, 1H), 
6.95-6.97 (m, 1H), 6.83-6.86 (m, 1H), 6.77 (d, J = 8.0 Hz, 1H), 6.40-6.42 (m, 1H), 5.70 (dd, J = 
9.5, 3.0 Hz, 1H), 5.53-5.58 (m, 1H), 5.45-5.51 (m, 1H), 4.86-4.91 (m, 1H), 2.46-2.54 (m, 1.67H), 
2.37-2.42 (m, 0.33H), 1.93-2.05 (m, 2H), 1.22-1.34 (m, 10H), 0.89 (t, J = 6.5 Hz, 3H); 13C NMR 
(CDCl3, 125 MHz) δ 153.4, 153.4, 134.3, 133.2, 129.1, 129.0, 126.4, 126.3, 125.4, 125.3, 124.3, 
124.1, 124.0, 123.5, 122.0, 121.8, 120.9, 120.9, 115.9, 74.9, 74.9, 38.7, 33.4, 32.6, 31.8, 29.5, 
29.4, 29.2, 29.2, 29.2, 29.1, 27.4, 22.7, 14.1; IR (neat) 3011, 2925, 2853, 1638, 1468, 1457, 
1230, 1112, 753; HRMS (ESI) m/z calcd for C19H27O [M+H]+ 271.2062, found 271. 2050. 
 
1-(2-Methylallyloxy)-2-(prop-1-enyl)benzene (3.53): To a solution of 2-
(prop-1-enyl)phenol (3.51) (6:1 E:Z mixture) (1.40 g, 10.4 mmol) and K2CO3 
(1.73 g, 12.5 mmol) in DMF (20 mL) at 0 ºC was added 3-bromo-2-methylprop-1-ene (3.52) 
(1.70 g, 12.5 mmol). The reaction was warmed to rt and was stirred for 16 hours. The reaction 
was quenched with H2O (20 mL), extracted with diethyl ether (3 x 20 mL), dried over MgSO4, 
and was concentrated under vacuum. The crude residue was purified using flash chromatography 
(5% ethyl acetate in hexanes) to yield the diene (6:1 E:Z mixture) (1.74  g, 89%): 1H NMR 
(CDCl3, 400 MHz) δ 7.42 (dd, J = 7.6, 1.2 Hz, 0.83H), 7.29 (d, J = 7.2 Hz, 0.17H), 7.21 (t, J = 
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8.0 Hz, 0.17H), 7.16 (td, J = 8.4, 1.6 Hz, 0.83H), 6.83-6.96 (m, 2H), 6.78 (dd, J = 15.6, 1.2 Hz, 
0.83H), 6.61 (d, J = 11.6 Hz, 0.17H), 6.25 (dq, J = 16.0, 6.8 Hz, 0.83H), 5.84 (dq, J = 11.6, 6.8 
Hz, 0.17H), 5.12 (s, 1H), 5.01 (s, 0.83H), 4.99 (s, 0.17H), 4.47 (s, 2H), 1.91 (dd, J = 6.4, 1.6 Hz, 
3H), 1.86 (s, 2.49H), 1.81 (s, 0.51H). These data are consistent with literature values.156 
 
3-Methyl-2H-chromene (3.54): To a solution of diene 3.53 (3.12 g, 16.5 mmol) 
in CH2Cl2 (150 mL) was added Hoveyda-Grubbs 2nd generation catalyst (50 mg, 
0.080 mmmol). The reaction mixture was heated to 50 ºC and stirred for 2 d. Add more 
Hoveyda-Grubbs 2nd generation catalyst (50 mg, 0.080 mmmol) and stir for an additional 2 d. 
The reaction mixture was cooled to rt and concentrated under vacuum. The crude residue was 
purified using flash chromatography (1% ethyl acetate in hexanes) to yield the benzopryran (1.97 
g, 82%): 1H NMR (CDCl3, 300 MHz) δ 7.05 (td, J = 7.8, 1.8 Hz, 1H), 6.91 (dd, J = 7.2, 1.5 Hz, 
1H), 6.84 (t, J = 7.2 Hz, 1H), 6.76 (d, J = 7.8 Hz, 1H), 6.16 (s, 1H), 4.69 (s, 2H), 1.80 (s, 3H). 
These data are consistent with literature values.156 
 
(1-Bromovinyl)dimethyl(phenyl)silane (3.56): To a solution of 
dimethylphenylvinylsilane (3.55) (5.84 g, 36.0 mmol) in CHCl3 (30 mL) at 0 
ºC was added Br2 in CHCl3 (10 mL) via cannulation. After 15 min, the reaction was quenched 
with a saturated solution of NaHCO3 containing NaHSO3 (50 mL). The mixture was washed 
with a saturated solution of NaHCO3 containing NaHSO3 (3 x 50 mL), a saturated solution of 
NaCl (50 mL), dried over MgSO4, and concentrated under vacuum. The crude dibromo 
compound was dissolved in pyridine (50 mL) and refluxed at 120 ºC for 16 hours. The solution 
was cooled to rt and diluted with diethyl ether (50 mL) before washing with a saturated solution 
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of CuSO4 (4 x 50 mL). The organic layer was dried over MgSO4 and concentrated under 
vacuum. The crude residue was purified using flash chromatography (1% ethyl acetate in 
hexanes) to yield the vinyl bromide (4.69 g, 54%): 1H NMR (CDCl3, 300 MHz) δ 7.57-7.60 (m, 
2H), 7.37-7.43 (m, 3H), 6.36 (d, J = 1.8 Hz, 1H), 6.18 (d, J = 1.5 Hz, 1H), 0.50 (s, 6H). These 
data are consistent with literature values.157 
 
 
1-(Allyloxy)-2-bromobenzene (3.58): To a solution of 2-bromophenol (3.57) 
(3.00 g, 17.3 mmol) and K2CO3 (2.86 g, 20.8 mmol) in DMF (40 mL) at 0 ºC 
was added allyl bromide (3.15 g, 26.0 mmol). The reaction was allowed to warm to rt and was 
stirred for 16 hours. The reaction was quenched with H2O (20 mL), extracted with diethyl ether 
(3 x 20 mL), dried over MgSO4, and was concentrated under vacuum. The crude residue was 
purified using flash chromatography (5% ethyl acetate in hexanes) to yield the aryl bromide 
(3.68  g, 100%): 1H NMR (CDCl3, 400 MHz) δ 7.55 (d, J = 8.0 Hz, 1H), 7.25 (t, J = 7.6 Hz, 1H), 
6.90 (d, J = 8.0 Hz, 1H), 6.85 (t, J = 7.6 Hz, 1H), 6.08 (ddt, J = 16.0, 10.4, 5.2 Hz, 1H), 5.49 (d, 
J = 17.2 Hz, 1H), 5.32 (d, J = 11.2 Hz, 1H) 4.62 (d, J = 4.8 Hz, 2H). These data are consistent 
with literature values.158 
 
1-(Allyloxy)-2-(1-dimethylphenylsilylvinyl)benzene (3.59): To a solution of 
aryl bromide 3.58 (3.98 g, 18.6 mmol) in dry, degassed THF (35 mL) at 0 ºC 
was added magnesium ribbon (0.809 g, 33.3 mmol) and LiCl (0.926 g, 21.8 mmol). After stirring 
for 3 h, the Grignard reagent was cannulated off the excess magnesium ribbon into a different 
flask. FeCl3 (0.084 g, 0.520 mmol) was added to a vial under an inert atmosphere in a glove box. 
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The vial was removed from the glove box and THF (2.0 mL) and TMEDA (0.242 g, 2.08 mmol) 
were added prior to cannulating the solution into the flask containing the Grignard reagent. Vinyl 
bromide 3.56 (2.50 g, 10.4 mmol) was added and the flask was stirred for 3 h. Another 1.00 
equivalent of Grignard reagent was prepared in the same manner as described above and added 
to the solution via cannulation. After stirring for 16 hours, the reaction mixture was quenched 
with a saturated solution of NaHCO3 (50 mL). The solution was extracted with diethyl ether (3 x 
50 mL), dried over MgSO4, and concentrated under vacuum. The crude residue was purified 
using MPLC (2% to 10% toluene in hexanes) to yield the diene (1.00 g, 33%): 1H NMR (CDCl3, 
500 MHz) δ 7.52-7.55 (m, 2H), 7.30-7.35 (m, 3H), 7.16 (td, J = 8.0, 2.0 Hz, 1H), 7.00 (dd, J = 
7.5, 1.5 Hz, 1H), 6.89 (td, J = 7.5, 1.0 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 5.89 (d, J = 3.0 Hz, 1H), 
5.86 (ddt, J = 17.0, 10.5, 5.0 Hz, 1H), 5.67 (d, J = 3.0 Hz, 1H), 5.28 (dq, J = 17.0, 1.5 Hz, 1H), 
5.20 (dq, J = 10.5, 1.5 Hz, 1H), 4.34 (dt, J = 5.0, 1.5 Hz, 2H), 0.36 (s, 6H). 
 
4-(Dimethylphenylsilyl)-2H-chromene (3.60): To a solution of diene 3.59 
(107 mg, 0.363 mmol) in CH2Cl2 (5.0 mL) was added Hoveyda-Grubbs 2nd 
generation catalyst (2.3 mg, 0.004 mmmol). The reaction mixture was heated 
to 50 ºC and stirred for 6 h. The reaction mixture was cooled to rt and concentrated under 
vacuum. The crude residue was purified using flash chromatography (2% to 5% ethyl acetate in 
hexanes) to yield the benzopryran (69 mg, 72%): 1H NMR (CDCl3, 400 MHz) δ 7.56-7.59 (m, 
2H), 7.35-7.38 (m, 3H), 7.07 (td, J = 7.6, 1.2 Hz, 1H), 7.01 (dd, J = 7.6, 1.2 Hz, 1H), 6.82 (dd, J 
= 8.0, 0.8 Hz, 1H), 6.76 (td, J = 7.6, 0.8 Hz, 1H), 6.15 (t, J = 4.0 Hz, 1H), 4.73 (d, J = 3.6 Hz, 
2H); 13C NMR (CDCl3, 125 MHz) δ 153.6, 137.8, 134.0, 134.0, 133.7, 129.2, 128.6, 127.9, 
127.5, 124.8, 121.1, 116.2, 65.2, –2.1; IR (neat) 3067, 2957, 2919, 1704, 1602, 1484, 1427, 
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1252, 1220, 1115, 1013, 912, 815, 777, 702; HRMS (ESI) m/z calcd for C17H17OSi [M–H]+ 
265.1049, found 265.1049. 
 
3-(2H-Chromen-2-yl)propan-1-ol (3.62): To a solution of terminal 
alkene 3.10 (130 mg, 0.75 mg) in THF (2.0 mL) was added 9-BBN 
dimer (124 mg, 0.52 mmol). After stirring for 1 h the reaction was cooled to 0 ºC. A solution of 
2.0 M aqueous NaOH (0.75 mL) and 30% aqueous H2O2 (0.75 mL) was added and the reaction 
was warmed to rt. After 30 min, the mixture was extracted with CH2Cl2 (3 x 10 mL), dried over 
MgSO4, and concentrated under vacuum. The crude residue was purified using flash 
chromatography (2% to 25% ethyl acetate in hexanes) to yield the primary alcohol (92.0 mg, 
65%): 1H NMR (CDCl3, 400 MHz) δ 7.11 (td, J = 7.6, 1.6 Hz, 1H), 6.97 (dd, J = 7.6, 1.6 Hz, 
1H), 6.85 (t, J = 7.6 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 6.41 (d, J = 10.0 Hz, 1H), 5.68 (dd, J = 
9.6 3.2 Hz, 1H), 4.91-4.93 (m, 1H), 3.72 (t, J = 6.0 Hz, 2H), 1.76-2.06 (m, 4H); 3C NMR 
(CDCl3, 100 MHz) δ 153.1, 129.1, 126.4, 125.6, 124.0, 121.8, 121.0, 115.8, 74.9, 62.4, 31.6, 
28.1; IR (neat) 3375, 3042, 2919, 1637, 1604, 1485, 1271, 1205, 1038, 932, 753; HRMS (ESI) 
m/z calcd for C12H14O2 [M]+ 190.0994, found 190.0975. 
 
2-Allyl-6-methoxy-2H-chromene (3.55): The general procedure for 
the oxidative coupling was followed using benzopyran 3.46119 (162 
mg, 1.00 mmol), LiClO4 (160 mg, 1.50 mmol), 4 Å MS (250 mg), DDQ (295 mg, 1.30 mmol), 
and acetonitrile (10 mL). After 30 min the oxidation was complete and allyl trimethylsilane 
(3.10) (229 mg, 2.00 mmol) was added. The reaction was complete after 30 min and was purified 
using flash chromatography (1% to 10% ethyl acetate in hexanes) to yield the substituted 
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benzopyran (129 mg, 64%): 1H NMR (CDCl3, 400 MHz) δ 6.73 (d, J = 8.8 Hz, 1H), 6.67 (dd, J 
= 8.4, 2.8 Hz, 1H), 6.55 (d, J = 2.8 Hz, 1H), 6.39 (d, J = 10.0 Hz, 1H), 5.90 (ddt, J = 17.2, 10.4, 
7.2, 1H), 5.75 (dd, J = 9.6, 3.2 Hz, 1H), 5.15 (d, J = 8.8 Hz, 1H), 5.12 (s, 1H), 4.85 (m, 1H), 3.76 
(s, 3H), 2.54-2.61 (m, 1H), 2.41-2.48 (m, 1H); 13C NMR (CDCl3, 100 MHz) δ 153.9, 147.1, 
133.4, 126.1, 124.3, 122.5, 117.8, 116.5, 114.2, 111.6, 74.3, 55.6, 39.4; IR (neat) 3075, 2936, 
2832, 1577, 1491, 1432, 1268, 1045, 920, 708; HRMS (ESI) m/z calcd for C13H15O2 [M+H]+ 
203.1072, found 203.1069. 
 
2-Allyl-5-methoxy-2H-chromene (3.56): The general procedure for the 
oxidative coupling was followed using benzopyran 3.47 (140 mg, 0.863 
mmol), LiClO4 (138 mg, 1.29 mmol), 4 Å MS (200 mg), DDQ (252 mg, 1.11 mmol), and 
acetonitrile (8.6 mL). After 30 min the oxidation was complete and allyl trimethylsilane (3.10) 
(197 mg, 1.72 mmol) was added. The reaction was complete after 30 min and was purified using 
flash chromatography (1% to 10% ethyl acetate in hexanes) to yield the substituted benzopyran 
(79.8 mg, 46%): 1H NMR (CDCl3, 500 MHz) δ 7.06 (t, J = 8.5 Hz, 1H), 6.76 (d, J = 10.0 Hz, 
1H), 6.46 (d, J = 8.5 Hz, 1H), 6.43 (d, J = 8.0 Hz, 1H), 5.91 (ddt, J = 17.0, 10.0, 7.0 Hz, 1H), 
5.66 (dd, J = 10.0, 3.0 Hz, 1H), 5.15 (d, J = 17.0 Hz, 1H), 5.13 (d, J = 9.5 Hz, 1H), 4.85-4.87 (m, 
1H), 3.83 (s, 3H), 2.56-2.61 (m, 1H), 2.43-2.48 (m, 1H); 13C NMR (CDCl3, 125 MHz) δ 155.2, 
154.1, 133.4, 129.0, 123.2, 118.9, 117.8, 111.3, 109.1, 103.3, 74.1, 55.6, 39.5; IR (neat) 3074, 
2934, 1634, 1580, 1310, 1101, 917, 749; HRMS (ESI) m/z calcd C13H13O2 [M–H]+ 201.0916, 
found 201. 0918. 
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2-Allyl-7-methoxy-2H-chromene (3.57): The general procedure for 
the oxidative coupling was followed using benzopyran 3.48 (78.0 mg, 
0.481 mmol), LiClO4 (76.7 mg, 0.721 mmol), 4 Å MS (100 mg), DDQ (142 mg, 0.625 mmol), 
and acetonitrile (4.8 mL). After 30 min the oxidation was complete and allyl trimethylsilane 
(3.10) (110 mg, 0.962 mmol) was added. The reaction was at completion after 30 min and was 
purified using flash chromatography (1% to 10% ethyl acetate in hexanes) to yield the 
substituted benzopyran (26.2 mg, 27%): 1H NMR (CDCl3, 500 MHz) δ 6.88 (d, J = 8.5 Hz, 1H), 
6.42 (dd, J = 8.5, 2.5 Hz, 1H), 6.39 (s, 1H), 6.38 (dd, J = 8.5, 1.5 Hz, 1H), 5.91 (ddt, J = 17.5, 
10.5, 7.0 Hz, 1H), 5.57 (dd, J = 9.5, 3.0 Hz, 1H), 5.15-5.18 (m, 1H), 5.12-5.15 (m, 1H), 4.88-
4.92 (m, 1H), 3.78 (s, 3H), 2.55-2.61 (m, 1H), 2.43-2.49 (m, 1H); 13C NMR (CDCl3, 125 MHz) δ 
160.6, 154.6, 133.4, 127.1, 123.8, 122.1, 117.9, 115.2, 106.8, 101.8, 74.7, 55.3, 39.8; IR (neat) 
3075, 2934, 2836, 1615, 1504, 1274, 1156, 1032, 809; HRMS (ESI) m/z calcd for C13H15O2 
[M+H]+ 203.1072, found 203.1052.  
 
2-Allyl-2H-chromene-6-carbonitrile (3.58): To a solution of 
benzopyran 3.49119 (31 mg, 0.20 mmol) in freshly distilled acetonitrile 
(2.0 mL) at rt was added LiClO4 (32 mg, 0.30 mmol) and 4 Å MS (50.0 mg). After 5 min, DDQ 
(59 mg, 0.260 mmol) was added the reaction was warmed to 75 °C for 2 h. The reaction was 
cooled to rt and allyl trimethylsilane (3.10) (46 mg, 0.40 mmol) was added and the reaction was 
stirred for 15 min. The solution was quenched with 10% aqueous NaHCO3 solution (5 mL). The 
reaction mixture was extracted with diethyl ether (3 x 5 mL), dried over MgSO4, and 
concentrated under vacuum. The crude residue was purified using flash chromatography (3% to 
12% ethyl acetate in hexanes) to yield the substituted benzopyran (36 mg, 92%): 1H NMR 
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(CDCl3, 400 MHz) δ 7.38 (dd, J = 8.4, 1.6 Hz, 1H), 7.23 (d, J = 1.2 Hz, 1H), 6.81 (d, J = 8.4 Hz, 
1H), 6.38 (d, J = 10.0 Hz, 1H), 5.87 (ddt, J = 17.6, 10.8, 7.2 Hz, 1H), 5.78 (dd, J = 10.0, 3.2 Hz, 
1H), 5.17 (d, J = 6.4 Hz, 1H), 5.14 (s, 1H), 5.06 (m, 1H), 2.47-2.61 (m, 2H); 13C NMR (CDCl3, 
100 MHz) δ 157.1, 133.4, 132.3, 130.2, 126.6, 122.5, 122.2, 119.1, 118.7, 116.8, 104.1, 75.4, 
40.1; IR (neat) 3078, 2926, 2225, 1640, 1488, 1251, 1130, 1021, 830, 715; HRMS (ESI) m/z 
calcd for C13H12NO [M+H]+ 198.0919, found 198.0917.  
 
(±)-(S)-2-((R)-But-3-en-2-yl)-2H-chromene-6-carbonitrile (3.59): 
To a solution of benzopyran 3.49119 (314 mg, 2.00 mmol) in freshly 
distilled acetonitrile (20 mL) at rt was added LiClO4 (319 mg, 3.00 mmol) and 4 Å MS (500 
mg). After 5 min, DDQ (590 mg, 2.60 mmol) was added the reaction was warmed to 80 °C for 2 
h. The reaction was cooled to rt and (E)-crotyl trimethylsilane (3.20) (513 mg, 4.00 mmol) was 
added and the reaction was stirred for 16 h. The solution was quenched with 10% aqueous 
NaHCO3 solution (20 mL). The reaction mixture was extracted with diethyl ether (3 x 20 mL), 
dried over MgSO4, and concentrated under vacuum. The crude residue was purified using flash 
chromatography (2% to 15% ethyl acetate in hexanes) to yield the substituted benzopyran (312 
mg, 74%): 1H NMR (CDCl3, 400 MHz) δ 7.37 (dd, J = 8.4, 1.6 Hz, 1H), 7.21 (d, J = 1.6 Hz, 
1H),  6.78 (d, J = 8.4 Hz, 1H), 6.40 (d, J = 10.0 Hz, 1H), 5.78-5.87 (m, 1H), 5.73 (dd, J = 10.4, 
3.2 Hz, 1H), 5.13 (d, J = 0.8 Hz, 1H), 5.09 (d, J = 7.2 Hz, 1H), 4.95-4.98 (m, 1H), 2.62 (sex, J = 
6.8 Hz, 1H), 1.14 (d, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 157.4, 137.8, 133.3, 129.9, 
125.0, 122.9, 122.0, 118.9, 116.3, 116.1, 103.7, 79.3, 43.0, 14.2; IR (neat) 2971, 2868, 2224, 
1640, 1573, 1488, 1251, 1232, 1012, 920; HRMS (ESI) m/z calcd for C14H14NO [M+H]+ 
212.1075, found 212.1077. 
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2-Phenyl-2H-chromene-6-carbonitrile (3.60): To a solution of 
benzopyran 3.49119 (157 mg, 1.00 mmol) in freshly distilled 
acetonitrile (10 mL) at rt was added LiClO4 (160 mg, 1.50 mmol) and 
4 Å MS (250 mg). After 5 min, DDQ (295 mg, 1.30 mmol) was added the reaction was warmed 
to 70 °C for 2 h. The reaction was cooled to rt and trifluoroborate 3.29 (368 mg, 2.00 mmol) was 
added and the reaction was warmed to 70 °C for 16 h. The solution was cooled to rt and 
quenched with 10% aqueous NaHCO3 solution (10 mL). The reaction mixture was extracted with 
diethyl ether (3 x 10 mL), dried over MgSO4, and concentrated under vacuum. The crude residue 
was purified using flash chromatography (2% to 10% ethyl acetate in hexanes) to yield the 
substituted benzopyran (104 mg, 45%): 1H NMR (CDCl3, 400 MHz) δ 7.36-7.41 (m, 6H), 7.30 
(s, 1H), 6.81 (d, J = 8.4 Hz, 1H), 6.53 (d, J = 10.0 Hz, 1H), 6.03 (m, 1H), 5.90 (dd, J = 10.0, 3.6 
Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ 156.6, 139.6, 133.6, 130.2, 128.8, 128.8, 126.9, 126.2, 
122.1, 121.6, 119.0, 116.8, 104.2, 77.9; IR (neat) 3061, 3032, 2221, 1649, 1602, 1488, 1251, 
1128, 1026, 849, 718; HRMS (ESI) m/z calcd for C16H12NO [M+H]+ 234.0919, found 234.0927. 
 
1-Allyl-1H-isochromene (3.61): To a solution of benzopyran 3.50131 (132 mg, 
1.00 mmol) in freshly distilled CH2Cl2 (10 mL) at –35 °C was added LiClO4 (160 
mg, 1.50 mmol) and 4 Å MS (250 mg). After 5 min, DDQ (295 mg, 1.30 mmol) 
was added the reaction was warmed to  –30 °C over 10 min. Allyl tributyltin (3.54) (662 mg, 
2.00 mmol) was added and the reaction was warmed to rt over 30 min. The solution was 
quenched with 10% aqueous NaHCO3 solution (5 mL). The reaction mixture was extracted with 
CH2Cl2 (3 x 5 mL), dried over MgSO4, and concentrated under vacuum. The crude residue was 
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purified using flash chromatography (1% ethyl acetate in hexanes) to yield the substituted 
benzopyran (135 mg, 79%): 1H NMR (CDCl3, 400 MHz) δ 7.23 (td, J = 7.6, 1.2 Hz, 1H), 7.17 
(td, J = 7.6, 1.2 Hz, 1H), 7.00 (d, J = 4.0 Hz, 1H), 6.98 (d, J = 3.6 Hz, 1H), 6.52 (d, J = 5.6 Hz, 
1H), 5.93 (ddt, J = 17.2, 10.4, 6.8 Hz, 1H), 5.78 (d, J = 6.0 Hz, 1H), 5.16-5.21 (m, 2H), 5.14 (s, 
1H), 2.79-2.86 (m, 1H), 2.51-2.57 (m, 1H); 13C NMR (CDCl3, 100 MHz) δ 144.1, 134.1, 130.7, 
129.5, 127.9, 126.4, 124.2, 123.3, 117.6, 104.5, 76.9, 38.5; IR (neat) 3069, 2937, 2829, 1626, 
1488, 1452, 1226, 1051, 917, 769; HRMS (EI) m/z calcd for C12H12O [M]+ 172.0888, found 
172.0920. 
 
2-Allyl-3-methyl-2H-chromene (2.62): The general procedure for the 
oxidative coupling was followed using benzopyran 3.51 (175 mg, 1.20 
mmol), LiClO4 (191 mg, 1.80 mmol), 4 Å MS (300 mg), DDQ (354 mg, 1.56 mmol), and 
acetonitrile (12 mL). After 30 min the oxidation was complete and allyl trimethylsilane (3.10) 
(274 mg, 2.40 mmol) was added. The reaction was complete after 30 min and was purified using 
flash chromatography (1% to 5% ethyl acetate in hexanes) to yield the substituted benzopyran 
(134 mg, 60%): 1H NMR (CDCl3, 400 MHz) δ 7.06 (td, J = 7.6, 1.6 Hz, 1H), 6.91 (dd, J = 7.2, 
1.6 Hz, 1H), 6.84 (td, J = 7.2, 1.2 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 6.18 (s, 1H), 5.88-5.98 (m, 
1H), 5.11-5.13 (m, 1H), 5.08 (t, J = 1.2 Hz, 1H), 4.71 (dd, J = 8.4, 3.6 Hz, 1H), 2.46-2.54 (m, 
1H), 2.33-2.41 (m, 1H), 1.85 (d, J = 0.8 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ 151.3, 134.0, 
133.6, 128.2, 125.5, 122.6, 121.0, 119.6, 117.5, 115.9, 78.2, 37.2, 19.7; IR (neat) 3074, 2913, 
1640, 1578, 1442, 1240, 1104, 916, 752; HRMS (ESI) m/z calcd for C13H13O [M–H]+ 185.0966, 
found 185.0962. 
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2-Allyl-4-(dimethylphenylsilyl)-2H-chromene (3.63): The general 
procedure for the oxidative coupling was followed using benzopyran 3.52 
(266 mg, 1.00 mmol), LiClO4 (160 mg, 1.50 mmol), 4 Å MS (250 mg), DDQ (295 mg, 1.30 
mmol), and acetonitrile (10 mL). After 2 h the oxidation was complete and allyl trimethylsilane 
(3.10) (229 mg, 2.00 mmol) was added. The reaction was complete after 1 h and was purified 
using flash chromatography (1% to 5% ethyl acetate in hexanes) to yield the substituted 
benzopyran (216 mg, 71%): 1H NMR (CDCl3, 400 MHz) δ 7.55-7.58 (m, 2H), 7.34-7.41 (m, 
3H), 7.06 (td, J = 8.0, 1.6 Hz, 1H), 7.00 (dd, J = 7.6, 1.6 Hz, 1H), 6.82 (dd, J = 8.0, 1.2 Hz, 1H), 
6.74 (td, J = 7.2, 1.2 Hz, 1H), 6.05 (d, J = 3.6 Hz, 1H), 5.86-5.96 (m, 1H), 5.15-5.17 (m, 1H), 
5.12 (t, J = 1.2 Hz, 1H), 4.80 (ddd, J = 6.8, 5.6, 3.2 Hz, 1H), 2.56-2.63 (m, 1H), 2.43-2.50 (m, 
1H), 0.50 (s, 3H), 0.49 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 152.7, 137.8, 137.1, 134.0, 133.5, 
133.0, 129.2, 128.6, 127.8, 127.4, 124.3, 120.9, 117.9, 116.6, 73.8, 39.0, –2.1, –2.1; IR (neat) 
3068, 2956, 1641, 1595, 1482, 1450,1227, 1114, 814; HRMS (ESI) m/z calcd for C20H21OSi [M–
H]+ 305.1362, found 305.1364. 
 
4',5'-Dihydro-3'H-spiro[chromene-2,2'-furan] (3.64): To a solution of 
benzopyran 3.53 (85 mg, 0.45 mmol) in freshly distilled acetonitrile (4.4 mL) 
at 0 °C was added LiClO4 (71 mg, 0.67 mmol ) and 4 Å MS (100 mg). After 5 min, DDQ (130 
mg, 0.581 mmol) was added to the reaction mixture and it was stirred for 15 min before being 
quenched with 10% aqueous NaHCO3 solution (5 mL). The reaction mixture was extracted with 
diethyl ether (3 x 5 mL), dried over MgSO4, and concentrated under vacuum. The crude residue 
was purified using flash chromatography (5% to 10% ethyl acetate in hexanes) to yield the 
substituted benzopyran (77 mg, 93%): 1H NMR (CDCl3, 300 MHz) δ 7.19 (td, J = 7.5, 1.5 Hz, 
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1H), 7.14 (d, J = 7.2 Hz, 1H), 6.93 (t, J = 7.5 Hz, 1H), 6.92 (d, J = 7.8 Hz, 1H), 6.72 (d, J = 9.6 
Hz, 1H), 5.76 (d, J = 9.6 Hz, 1H), 4.12-4.19 (m, 1H), 3.98 (q, J = 7.5 Hz, 1H), 2.32-2.44 (m, 
2H), 1.96-2.14 (m, 2H); 13C NMR (CDCl3, 125 MHz) δ 151.7, 129.1, 126.8, 126.8, 122.5, 121.1, 
120.3, 116.4, 105.2, 68.2, 39.1, 24.5; IR (neat) 3047, 2955, 1624, 1571, 1254, 1065, 1016, 988, 
756; HRMS (EI) m/z calcd for C12H12O2 [M]+ 188.0837, found 188.0874. 
 
(±)-(R)-2-((R)-4-hydroxybutan-2-yl)-2H-chromene-6-
carbonitrile (3.74): To a solution of terminal alkene 3.59 (312 
mg, 1.48 mg) in THF (2.0 mL) was added 9-BBN dimer (285 mg, 1.03 mmol). After stirring for 
1 h the reaction was cooled to 0 ºC. A solution of 3.0 M aqueous NaOH (1.5 mL) and 30% 
aqueous H2O2 (1.5 mL) was added and the reaction was warmed to rt. After 30 min, the mixture 
was extracted with CH2Cl2 (3 x 10 mL), dried over MgSO4, and concentrated under vacuum. 
The crude residue was purified using flash chromatography (2% to 25% ethyl acetate in hexanes) 
to yield the primary alcohol (242  mg, 72%): 1H NMR (CDCl3, 500 MHz) δ 7.37 (dd, J = 8.5, 2.0 
Hz, 1H), 7.21 (d, J = 2.0 Hz, 1H), 6.79 (d, J = 8.5 Hz, 1H), 6.42 (dd, J = 10.0, 2.0 Hz, 1H), 5.76 
(dd, J = 10.0, 3.0 Hz, 1H), 4.94-4.96 (m, 1H), 3.75-3.79 (m, 1H), 3.68-3.73 (m, 1H), 2.04-2.09 
(m, 1H), 1.88-1.92 (m, 1H), 1.45-1.51 (m, 1H), 1.06 (d, J = 7.0 Hz, 3H). 
 
(±)-(R)-2-((R)-4-oxobutan-2-yl)-2H-chromene-6-carbonitrile 
(3.75): To a mixture of alcohol 3.74 (125 mg, 0.550 mmol) and 
NaHCO3 (92.4 mg, 1.10 mmol) in CH2Cl2 (5.5 mL) was added Dess–Martin periodinane (350 
mg, 0.825 mmol). After 1 h, the reaction was quenched with H2O (5 mL), extracted with CH2Cl2 
(3 x 5 mL), dried over MgSO4, and concentrated under vacuum. The crude residue was purified 
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using flash chromatography (10% to 20% ethyl acetate in hexanes) to yield the aldehyde (85.7 
mg, 69%): 1H NMR (CDCl3, 400 MHz) δ 9.79 (s, 1H), 7.39 (dd, J = 8.0, 1.6 Hz, 1H), 7.24 (d, J 
= 1.6 Hz, 1H), 6.78 (d, J = 8.4 Hz, 1H), 6.44 (d, J = 10.4 Hz, 1H), 5.76 (dd, J = 10.0, 3.2 Hz, 
1H), 4.88-4.89 (m, 1H), 2.74 (dd, J = 16.8, 3.6 Hz, 1H), 2.52 (quin, J = 6.4 Hz, 1H), 2.38 (ddd, J 
= 16.8, 8.0, 1.6 Hz, 1H), 1.11 (d, J = 6.8 Hz, 1H). 
 
 (±)-(R)-2-((R,E)-4-(2-(2,4-
dinitrophenyl)hydrazono)butan-2-yl)-2H-
chromene-6-carbonitrile (3.77): To a solution of 
aldehyde 3.75 (85.7 mg, 0.377 mmol) and 2,4-dinitrophenylhydrazine (107 mg, 0.377 mmol) in 
ethanol (3.0 mL) was added one drop of acetic acid. The resulting mixture was refluxed for 2 h 
and cooled back to rt. The resulting solid was collected via vacuum filtration. The crude solid 
was purified using flash chromatography (0.5% triethylamine, 10% to 40% ethyl acetate in 
hexanes) to yield pure hydrazine (E/Z Olefin Isomers 8:1). The solid was recrystallized using the 
2-layer method with diethyl ether and hexanes. The crystals were characterized using X-ray 
diffraction. 1H NMR (CDCl3, 400 MHz) δ 11.19 (s, 0.11H), 11.06 (s, 0.89H), 9.16 (m, 0.11H), 
9.15 (d, J = 2.4 Hz, 0.89H), 8.36 (dd, J = 9.6, 2.0 Hz, 0.11H), 8.32 (dd, J = 9.6, 2.4 Hz, 0.89H), 
7.96 (d, J = 9.6 Hz, 0.11H), 7.89 (d, J = 9.6 Hz), 7.56 (t, J = 5.6 Hz, 1H), 7.42 (dd, J = 8.8, 1.6 
Hz, 1H), 7.23 (d, J = 1.6 Hz, 1H), 6.88 (d, J = 8.4 Hz, 0.11H), 6.81 (d, J = 8.8 Hz, 0.89H), 6.52 
(m, 0.11H) 6.49 (d, J = 10.0 Hz, 0.89H), 5.84 (m, 0.11H), 5.75 (dd, J = 9.6, 2.4 Hz, 0.89H), 4.95 
(m, 0.89H), 4.92 (m, 0.11H), 2.67-2.79 (m, 1H), 2.36-2.44 (m, 1H), 2.26-2.32 (m, 1H), 1.18 (d, J 
= 6.8 Hz, 2.67H), 1.14 (d, J = 7.2 Hz, 0.33H); 13C NMR (CDCl3, 100 MHz) δ 157.1, 156.8, 
150.6, 148.8, 145.1, 144.9, 138.3, 137.8, 133.7, 133.6, 130.3, 130.0, 129.9, 129.5, 128.7, 128.2, 
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125.0, 124.7, 123.7, 123.4, 123.3, 123.2, 121.9, 121.8, 118.8, 116.7, 116.5, 116.4, 104.4, 104.2, 
79.6, 79.4, 37.2, 34.6, 15.9, 15.5; mp 138-141 °C.   
 153 
APPENDIX C 
LACTODEHYDROTHYSIFEROL (1H-NMR AND 13C-NMR FOR OPTIMIZED 
ROUTE) 
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APPENDIX D 
OXIDATIVE BIMOLECULAR COUPLING REACTION (1H-NMR AND 13C-NMR FOR 
COUPLING PRODUCTS) 
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